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Abstract 
   Basic bulk properties of metal - hydrogen system and hydrogen behavior in 
zirconium alloys were studied in order to contribute to the technological developments 
of integrity assessments and maintenances of structural materials in the existing and 
next-generation nuclear power systems. 
   Flaw-free bulk hydrides of yttrium, hafnium, niobium, and Zr-Gd alloy were 
successfully produced and their mechanical, electrical, and thermal properties were 
evaluated. The yttrium and niobium hydrides had higher elastic moduli and Vickers 
hardness than the respective pure metals, whereas the mechanical properties of the 
hafnium hydride were lower than those of the pure hafnium. Additionally, the 
mechanical properties of the yttrium and niobium hydrides increased with increasing 
hydrogen content, on the contrary those of the hafnium hydride decreased with 
increasing hydrogen content. The thermal conductivity of yttrium hydride was 
significantly higher than that of pure yttrium although the hydrides of hafnium and 
niobium had almost same or less thermal  conductivities than the respective pure metals. 
The thermal conductivity of hydride of Zr-Gd alloy, which was polyphasic material, was 
higher than that of the zirconium hydride. It was found from the preset study and 
literatures that although yttrium, titanium, zirconium, and hafnium were adjacent in the 
periodic table and their hydrides exhibited the same crystal structures, they possessed 
polymorphic physical properties. It was considered that these results were mutually 
comparable and they revealed the characteristic nature of metal hydrides since their 
crystal structure was same. The several important correlations between the basic bulk 
properties of metal hydrides were found from the present and previous studies. 
   The electronic structures of the yttrium, titanium, zirconium, hafnium, and niobium 
hydrogen solid solutions and hydrides were evaluated by ab initio calculations in order 
to discuss the effects of hydrogen on the characteristics of the metals. The elastic 
moduli of the yttrium hydrogen solid solution could be evaluated from the ab initio study 
and the calculated results were good accordance with the present experimental results. 
From the analysis of the bond order in unit-cell, it was considered that the change of 
mechanical properties due to hydrogen was correlated to the original covalency of the 
metals. The calculated bond order of the metal hydrides also qualitatively explained 
the trends of the hydrogen content dependence of the mechanical properties of the 
hydrides. The elastic moduli from the total energy calculation were well accordance 
with the experimental data. The temperature dependence of liner thermal expansion 
coefficient was evaluated and the results provided better understanding of the 
                                        - i -
properties of the metal hydrides. 
  The terminal solid solubility of hydrogen (TSS) of Zr-Nb binary alloys with different 
niobium concentrations and Nb added Zircaloy-4 was measured, and the effect of 
niobium addition was evaluated in order to supply fundamental data for the integrity of 
new-type fuel cladding. It was found that the TSS of aZr was not affected by the 
solute niobium and that the  13 Zr precipitant led to increase the TSS in the Zr-Nb alloys. 
The change in TSS by niobium addition was slightly larger than that by the traditional 
additive elements. The TSS of Nb added Zircaloy-4 was found to be higher than that of 
Zircaloy-2 and -4 due to the further effect of  (3 Zr precipitation on top of the traditional 
additive element effects. The mechanical properties of hydrogenated Zr-Nb binary 
alloys with different phases were evaluated in order to discuss the effect of hydrogen 
absorption. The solute hydrogen didn't affect the mechanical properties of the single 
phase  f3  Zr-20Nb alloy. In the  Zr-1.0Nb and Zr-2.5Nb alloys, the solute hydrogen 
reduced the Young's modulus of the alloys, which was considered to be due to the 
change in the modulus of air matrix phase. 
   The transient hydrogen diffusionanalysis, including the three effects of hydrogen 
concentration, temperature, and stress, was performed using the finite element method. 
The effects of several parameters, such as internal pressure, crack number, and its depth, 
were evaluated. The hydrogen distribution after the internal pressure loading was 
noticeably different from the initial state and a large amount of hydrogen piled up near 
the crack tip. The hydrogen diffused into the vicinity of the crack tip and the amount of 
piled up hydrogen increased with increasing the internal pressure. With increasing the 
crack length, the more amount of hydrogen piled up around the crack tip and the 
hydrogen-focusing area significantly spread. The crack number didn't affect the 
hydrogen behavior near the crack tip. All the results were corresponding to the 
distribution of the hydrostatic pressure because the contribution of the stress gradient to 
hydrogen diffusion near the crack tip was larger than the other contributions. It was 
found that hydrogen increasing rate per unit time increased with growing the crack 
length and increasing the internal pressure. It was also found that the changing rate 
from the initial state reached over 10 % for a given short ime from the several seconds to 
several thousands of seconds. 
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Chapter 1 
General Introduction 
1-1. Background 
   The current electric power generations around the world heavily relies on the 
burning of fossil fuels, such as oil, gas, and coal. The production of energy by burning 
the fossil fuels generates pollutants and carbon dioxide. The possibility of global 
climate change resulting from an increase in the greenhouse gas concentration in the 
atmosphere is a major global concern. It is considered that reduction of future 
greenhouse gas emissions largely depends on the progress of generation technologies 
based on nuclear power and renewable energy sources. The nuclear power 
generation has such advantages as scarce carbon dioxide emitting, stable power 
supply, and economical efficiency. Therefore, the nuclear energy has significant 
potential for solving the energy and environmental problem without losing sustainable 
development of human societies. On the contrary, there are concerns in the nuclear 
power system; a concern about production and accumulation of long-lived radioactive 
waste is one of the most important problems that should be resolved by technical 
development. From the view point of reducing the burden by disposal of the high level 
radioactive waste, advanced nuclear power systems including fast reactor are 
expected [1-4], in which plutonium would be effectively utilized and long-lived minor 
actinides would change into stable nuclide or short-half-life radionuclide by nuclear 
transmutation. In addition, burnup extension of light water reactor (LWR) fuels that is 
now under way for the sake of cost reduction also contributes to reduce radioactive 
waste generation. However, there are many technical requirements in order to pursue 
such sophistications of nuclear power systems. Establishing techniques for integrity 
assessment and maintenance of nuclear materials is one of the most essential points. 
The present study is intended to contribute to the establishment by means of elucidating 
basic bulk properties of metal-hydrogen systems and hydrogen behavior in nuclear 
materials. Importance of these elucidations is described in following sections. 
1-2. Metal Hydrides as New Component Materials in Nuclear Field 
   Metal hydrides have either equaling or surpassing hydrogen atom density per unit of 
volume as water or liquid hydrogen [5]. Since mass of hydrogen almost equals to that 
of neutron, parts of kinetic energy of fast neutron can efficiently transfer to hydrogen by 
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elastic collisions. Therefore, the metal hydrides can be superior moderator of neutron. 
Hydride fuels have long been expected  [6-14] and a project "Assess the feasibility of 
improving the performance of PWR and BWR by using hydride fuel instead of oxide fuel" 
is working mainly by groups in University of California since 2002. In addition, new 
concepts of the nuclear fast reactor core using the metal hydrides as neutron absorber 
were recently suggested [15-17]. Although the gadolinium containing LWR fuel is used 
as neutron absorber that is so-called burnable poison in order to extend the burnup of 
the fuels in safety, there is previously no concept of neutron absorber for the fast 
reactors. The new concept is as follows: hydrogen atoms in the metal hydrides 
moderate the fast neutron and then moderated thermal neutron can be efficiently 
absorbed by the metals such as the gadolinium and hafnium. Therefore, gadolinium 
containing zirconium hydride and hafnium hydride are candidates for neutron absorber 
and control rod in the fast reactor. Furthermore, the zirconium and yttrium hydride are 
widely expected as the neutron moderator and reflector in nuclear reactors [18-23] 
because of their low induced activity, small neutron absorption cross-section, low 
hydrogen desorption pressure, high hydrogen density, phase stability, and low cost. 
Therefore, it is necessary to evaluate several properties such as mechanical and thermal 
properties of the metal hydrides. The basic bulk properties of metal-hydrogen alloys 
have been extensively studied [24-25]. However, there is inadequate information on 
such data of the single-phase metal hydrides. It is because the pure bulk metal 
hydrides without any defects are hard to be procured. Recently, technique for 
production of flaw-free bulk metal hydrides with wide-ranging hydrogen contents was 
established by Yamanaka and Setoyama et al. [26-32]. This is great step towards 
practical application of the metal hydrides and one can elucidate the properties of 
pure metal hydrides with unprecedented detail. 
1-3. Hydrogen  Embrittlement of High Burn-up Fuel Cladding of Light Water 
Reactors 
   The extension of burn-up of LWR fuels has proceeded in order to reduce the spent 
fuel and to increase efficiency of the power generation. The high burn-up have been 
achieved, 55GWd/t in PWR since 2004, and 45GWd/t in BWR since 1999, and higher burn 
up will be accomplished in future. The further burnup extension place stricter demands 
on performance of the nuclear materials, although the components used in current 
reactors are extremely reliable and has a very low failure rate. Therefore, it is important 
to continue the enhancement of the reliability of nuclear materials. 
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   Zirconium alloys are extensively used in various types of nuclear reactors for different 
applications, examples being fuel cladding tubes of LWRs, grids, channels in Boiling 
Water Reactors (BWRs) as well as pressure and calandria tubes in Pressurized Heavy 
Water Reactors (PHWRs). This is because that the zirconium has low neutron absorption 
cross-section, superior corrosion resistance, and good mechanical properties [33-37]. 
Since the zirconium based alloys have been used for the fuel claddings of the LWRs in 
1950's, small amounts of additive elements such as tin, iron, chromium, nickel, and 
niobium have been alloyed with the zirconium in order to improve the corrosion 
resistance [38-42]. The production process such as rolling and heat treatment of the 
zirconium alloys has been optimized for their performance including the mechanical 
properties and corrosion resistance [43-52]. On  .the contrary, it is well known that the 
zirconium alloys absorb a part of evolved hydrogen during operation by the corrosion 
reaction between zirconium alloy and cooling water as follows: 
 Zr  +  2H20 Zr02  +4H (1-1) 
If the total hydrogen concentration in the alloy exceeds the solubility limit, brittle 
zirconium hydrides are formed as precipitates in the alloy, which markedly deteriorates 
the material strength. In recent years, new alloys with high corrosion resistance have 
been proposed, however, the hydrogen absorption properties are not significantly 
improved in the alloys. Therefore, the influence of  zirconium hydride on the integrity of 
fuel cladding is observed with keen interest because of longer extended burnup of 
nuclear fuel. For example, there were some accidents such as outside-in crack of fuel 
cladding at power ramp test [53], hydride-assisted pellet-cladding mechanical 
interaction at reactivity initiated accident (RIA) [54] and delayed hydride clacking 
(DHC) at CANDU reactor [55]. Although corrosion and hydrogen absorption behaviors 
of the LWR cladding simulating practical uses have been extensively studied [38-52, 
 56-61], systematic information on the effect of hydrogen on the fundamental properties 
for the zirconium alloys were not sufficient. For this reason, it is hard to assess the 
embrittlement behavior due to hydrogen of the high burnup fuel claddings in accurate 
detail. 
 1  -4. Objectives 
   From such point of view, the properties of metal hydrides and hydrogen behavior in 
the fuel cladding are studied. The present dissertation consists of six chapters including 
this introductory chapter. In chapter 2, the basic bulk properties of metal-hydrogen 
systems are described. Until now, there has been only limited information on the 
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properties of the metal hydrides because of the difficulty in producing the bulk hydrides. 
The author produced several flaw-free bulk metal hydrides to systematically evaluate 
their thermophysical properties. In chapter 3, ab initio electronic structure calculations 
for the metal hydrogen solid solutions and hydrides were performed in order to discuss 
the experimental results obtained in chapter 2. In chapter 4, characteristics of 
zirconium alloys with precipitated hydride and/or solute hydrogen are described. The 
terminal solid solubility of hydrogen for niobium containing zirconium alloys which are 
expected to cope with the higher burnup of the LWR was evaluated. The mechanical 
properties of hydrogenated Zr-Nb binary alloys with several phases were also evaluated. 
In chapter 5, the finite element analysis of hydrogen behavior in LWR cladding under the 
gradients of hydrogen, temperature, and stress is described. The conclusion of the 
present dissertation isdescribed in chapter 6. 
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  Chapter 2 
   Basic Bulk Properties of Metal-Hydrogen Systems 
   2-1. Introduction 
 2-1-1. Background 
       Transition metals and their alloys are useful materials because many of them have 
    high chemical durability as well as high strength. Therefore they have been extensively 
    utilized in various fields. Especially in nuclear power system, zirconium alloys such as 
    Zircaloy and Zr-Nb alloy have been widely employed as pressure tubes and fuel 
    claddings of nuclear reactors, and titanium alloys are major candidate as overpacksfor 
    geological disposal of high level radioactive wastes. On the other hand, the transition 
    metals are known to absorb large quantities of hydrogen. The transition metals form 
   hydrogen solid solutions at low hydrogen content and hydrides at higher hydrogen 
    content. The hydrogen absorption leads to decrease intensity of structuralmaterials 
    [1-7], which is called hydrogen embrittlement. The hydrogen embrittlement can 
    become a serious problem associated with safeness of the system; in particular the 
    hydrides are just awful nuisance to the materials. However, the physico-chemical 
   properties of the metal hydrides are virtually unknown, which is caused by difficulties in 
   production of them. As well as the hydrides, the properties of the metal hydrogen solid 
   solutions are poorly studied. It is because the transition metal hydrogen solid solutions 
   had been unnoticed until report [8] which indicated that solute hydrogen in metallic 
   lattice affected and accelerated creep rate of the zirconium alloy. Until now, the 
   thermophysical properties of the titanium and zirconium hydrides and hydrogen solid 
   solutions have been previously investigated by Yamanaka and Setoyama et al. [9-23]. 
   Subsequently, a lot of discussions on the effect of hydrogen on their propertieshave 
   been held. However, the mechanism of hydrogen effect is not comprehensively 
    known and further esearch is required. 
      Although the metal hydrides have the negative face, they have an amount of 
   potential. For instance, the densities of hydrogen atoms in some transition metal 
   hydrides greater than in water or in liquid hydrogen [24]. Various metal hydrideshave 
   attracted much interest as hydrogen storage media. Hydrogen is the most effective 
   moderator for neutron, therefore a variety of use has been also suggested for the metal 
   hydrides in nuclear engineering field such as moderator, reflector and shielding 
   components for fast reactors and accelerator-driven transmutation system. These 
   applications need such properties as high melting point, low induced activity, small 
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neutron absorption cross-section, low hydrogen desorption pressure, high hydrogen 
density, phase stability, and low cost. 
(a) Y-H system 
  Theyttrium hydride satisfies the above-mentioned conditions and therefore it is 
expected as one of the good candidate as the neutron control material and reflector 
components for the fast breeder reactor (FBR)  [25]. The yttrium-hydrogen system has 
been widely focused over the several years. Thin film system allowed the fabrication of 
the yttrium hydride and the hydrogenation changed optical properties of the yttrium, 
therefore the thin yttrium film was expected to be a switching mirror  [26-30]. Rare 
earths including the yttrium form the hydrogen solid solutions, the di-hydrides and 
 tri-hydrides exothermally. Fig. 2.1.1 shows the phase diagram for yttrium-hydrogen 
system  [31]. The yttrium hydrogen solid solution (a phase), the di-hydride  (6 phase), 
and  tri-hydride  (c phase) are appeared in the phase diagram. In the a phase region, 
the hydrogen atoms interstice in the tetrahedral site of the hcp yttrium metallic lattice. 
The di-hydride crystallizes in the fcc fluorite structure and has metallic properties. The 
 tri-hydride has an hcp structure, the tetrahedral and octahedral sites of which are 
occupied with hydrogen, and has semiconductor properties. The optical switching is 
contributed to the metal-semiconductor transition. 
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                 Fig. 2.1.1. Phase diagram for Y-H system  [31]. 
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   However, the thin film system is confined to a few measurements of properties 
because of its dimensional restriction. The application is also limited. Therefore, if 
flaw-free bulk yttrium hydrides can be prepared, it is very meaningful and interesting 
from the prospective of research and practical use of them. 
(b) Hf-H system 
   Although existing control rods for fast reactors are predominantly boron carbide, the 
use of the boron carbide control rod is limited by Pellet-Cladding Mechanical 
Interaction  (PCMI) failure due to swelling. Helium gas is produced and accumulated in 
the boron carbide control rod by the nuclear reaction of boron, this causes the swelling. 
On the other hand, the helium gas production doesn't occur in the nuclear reaction 
process of hafnium with neutron. The nuclear reaction is expressed as follows: 
 Hfi»(n,y)Hfi7s(n,Y)Hfi7s (2-1-1) 
The daughter radionuclide  Hf178 also has a large absorption cross-section of thermal 
neutron as well as the parent nuclide  Hf177  . Since hydrogen can moderate the fast 
neutrons and the hafnium has superior absorptive property of the thermal neutron, the 
hafnium hydride can efficiently absorb the fast neutrons. Therefore, the hafnium 
hydride is expected as an advance control rod that has the excellent and long-life 
worth for the fast reactors. 
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                Fig. 2.1.2. Phase diagram for Hf-H system [32]. 
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   Fig. 2.1.2 shows the phase diagram for hafnium-hydrogen system [32]. The hafnium 
hydrogen solid solution  (a phase) and the  two types of di-hydride  (6 and c phase) are 
appeared in the phase diagram. This is very similar to titanium- and zirconium-
hydrogen systems. However, it is reported [33-35] that there exist another crystal 
structure of the hafnium hydride which has a pseudocubic defect fluorite type structure 
(6' phase). The hydrogen content of the 6' phase is slightly lower than that of 6 phase, 
as confirmed in Fig.  2.1.2. In order to use the hafnium hydrides in practice, their 
characteristics hould be evaluated. 
(c) Nb-H system 
   Niobium alloys and niobium containing alloys are useful materials in various kinds of 
plants because of their excellent mechanical properties, high-corrosion resistance, high 
melting point, and small neutron absorption cross section. Therefore, they have been 
extensively utilized and expected as the pressure tubes of CANDU, high performance 
nuclear fuel claddings, the ITER divertor, and ultra-high temperature materials [36-40]. 
However, hydrogen is generated by corrosion processes in use environments, and some 
of the hydrogen is absorbed into these alloys. This would lead to the hydrogen 
embrittlement. Additionally, the niobium and its alloys are widely expected as a 
 hydrogen permeation membrane because their hydrogen permeability is much higher 
than that of the existing material such as palladium and its alloys [41, 42]. However, the 
niobium alloys are broken down by the hydrogen embrittlement and subsequently can 
not be utilized as the hydrogen permeation membrane. Therefore, it is important to 
investigate the behavior of niobium hydrogen solid solutions and hydrides. Fig.  2.1.3 
shows the phase diagram of niobium-hydrogen system [43]. Niobium absorbs 
hydrogen and forms a single phase  (bcc_A2, a -phase) solid solution up to a hydrogen 
content CH = 0.059 in atomic ratio [H/Nb] at room temperature. A Nb-H phase with 
face-centered orthorhombic structure mono-hydride  ((3 phase) exists, in which the 
hydrogen occupation is restricted to four tetrahedral interstitial sites forming an ordered 
arrangement. Although the fluorite type structure di-hydride  ( 6 phase) is also 
confirmed in the phase diagram, the phase can be stable only at a significantly high 
ambient pressure of hydrogen gas. The investigation of the  (3 phase niobium hydride 
is important for elucidation of the hydrogen embrittlement of the niobium alloys around 
room temperature. 
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(d) Hydride of Zr-Gd alloy 
   New concepts of nuclear fast reactor core using metal hydrides as neutron 
absorber were recently suggested [44-46]. Although the gadolinium containing light 
water reactor (LWR) fuel is used as neutron absorber that is so-called burnable poison in 
order to extend the burnup of the fuels in safety, there is previously no concept of 
neutron absorber for the fast reactors. The new concept is as follows: hydrogen in 
metal hydrides moderates the fast neutron and then moderated thermal neutron can 
be efficiently absorbed by the gadolinium. Therefore, hydrides of Zr-Gd alloys are 
candidates for neutron absorber and controller materials in the fast reactor. Fig. 2.1.4 
and Fig. 2.1.5 show the phase diagram for the gadolinium and zirconium -hydrogen 
system, respectively [47, 48]. The gadolinium also forms the hydrogen solid solutions 
(a phase), the di-hydrides  ( 6 phase), and  tri-hydrides  (s phase) exothermally. The 
zirconium hydrogen solid solution (a phase) and two types of di-hydride  (6 and  E 
phase) are appeared in the phase diagram. Recently, the zirconium hydride is keenly 
noticed. Yamanaka et al. [9, 12, 13, 15, 16, and 19] investigated the mechanical and 
thermal properties of  5 phase zirconium hydride. Tsuchiya et al. [49, 50] reported the 
thermal properties of  E phase zirconium hydride. However, the quite limitary 
information on the hydrides of gadolinium and zirconium-gadolinium alloys is available. 
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For the practical use, the hydrogen content region from 1.5 to 2.0 in atomic ratio is 
favorable for the gadolinium-zirconium alloys. In the case, 6 phase di-hydrides would 
be important for both the metal-hydrogen systems. 
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 2-1-2. Objective 
   The basic bulk properties of metal-hydrogen alloys have been extensively studied 
 [51-54 However, there is inadequate information on such data of the single-phase 
metal hydrides although much data is needed for practical use. It is because the pure 
bulk metal hydrides without any defects are hard to be procured. Recently, technique 
for production of flaw-free bulk metal hydrides with wide-ranging hydrogen contents 
was established by Yamanaka and Setoyama et  al. [9-13,  21]. This was great step 
towards practical application of the metal hydrides and we have elucidated the 
properties of pure metal hydrides with unprecedented detail. In this study, the author 
looked for the method to produce the bulk hydrides of yttrium,  hafnium, niobium, and 
Zr-Gd alloy and have succeeded in them. The details are given in section 2-2. The 
yttrium, hafnium and gadolinium have a same crystal structure of  hcp_A3 (a phase) as 
the titanium and zirconium, and their hydrides have also a same crystal structure of 
 fcc_C  1  ( 6 phase) as the titanium and zirconium hydrides. Therefore the information 
on the physico-chemical properties of the metal-hydrogen systems are comparable 
with those of zirconium- and titanium-hydrogen system and have a great deal with 
potential in theory of the transition metal - hydrogen system. In addition the change of 
hydrogen content may affect thermal and mechanical properties of the hydrided 
materials. Therefore, since a high reliability of nuclear materials is required under 
various severe conditions, the evaluation of hydrogen amount influences on the 
properties of the metal hydrides are also considered to be necessary. With such 
background, study for the basic bulk properties of metal-hydrogen systems with wide 
ranging hydrogen content is very important from the viewpoint of both academic 
interest and material engineering. In this chapter, the physico-chemical properties of 
the yttrium and niobium hydrogen solid solutions are studied. Bulk hydrides of the 
yttrium, hafnium, niobium, and Zr-Gd alloy are produced and their physico-chemical 
properties are systematically investigated. 
2-2. Experimental Procedure 
2-2-1. Sample Preparation 
   Hydrogenation was carried out in a modified Sieverts' UHV apparatus in this study. 
Fig.2.2.1 shows the schematic view of the apparatus. 
   The preparation procedures for the hydrogen solid solution of yttrium and niobium 
were almost identical. The pure (99.9 %) yttrium and niobium polycrystalline was used 
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as the starting material for their hydrogen solid solutions. Firstly, the pure samples were 
degreased in acetone. After evacuating below  10-6  Pa in the Sieverts' apparatus, the 
sample was annealed at 1073 K for 10 hours in order to remove the residual stress and 
impurity gases. Then, the highly pure hydrogen gas (7N) was passed through a 
liquefied nitrogen trap and then introduced to the reaction chamber up to 
predetermined pressures. After the keeping this condition for 1 hour, the sample was 
air cooled. The hydrogen content during the hydrogenation is figured out by the 
temperature and the equilibrium hydrogen pressure. 
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          Fig. 2.2.1. Schematic view of the modified Sieverts' apparatus.
   On the other hand, the production procedures for the hydrides of yttrium, hafnium, 
niobium, and Zr-Gd alloy were quite different from that for the hydrogen solid solution. 
The reason of this difference was attributed to the phase transition accompanied with 
the large volumetric expansion from the metal phase to the hydride phase during 
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hydrogenation, and to the original material strength of the hydrides. Therefore it has 
been said that the production of flaw-free bulk metal hydrides is almost impossible [54, 
55]. In the present study, the authors have succeeded to prepare various shapes of 
bulk hydrides of yttrium, niobium, hafnium, and Zr-Gd alloy without cracks and voids. 
The production technique was different for each metal hydride due to the difference of 
nature for each metal-hydrogen system. 
   Bulk yttrium hydrides were produced directly from various shapes of yttrium 
polycrystalline rods with 99.9 wt% purity. Firstly, the pure yttrium was degreased in 
acetone and then introduced in the Sieverts' apparatus. After evacuating below 
 10-6  Pa in the apparatus, the sample was annealed at 1073 K for 10 hours. Then, the 
highly pure hydrogen gas (7N) was passed through a liquefied nitrogen trap and then 
introduced to the reaction chamber up to predetermined pressure. As previously 
mentioned, there is difficulty in the production of flaw-free bulk metal hydride. From 
the previous researches by Yamanaka and Setoyama, the destruction during 
hydrogenation was thought to be aftereffects of the differences of volume and crystal 
structure between metal and hydride. Therefore, the hydrogenating rate on crossing 
the  ( a +  S) field should be kept very slowly for producing flaw-free bulk yttrium hydride. 
Since the equilibrium hydrogen pressure of the yttrium - hydrogen system is quite low, all 
the introduced hydrogen gas below atmospheric pressure is immediately absorbed into 
the sample even at high temperature. Therefore, the hydrogen flow rate into reaction 
chamber was regulated and 50 hours were taken to progress the phase transformation 
from a phase to  6 phase. At the end of this process, hydrogen absorption of yttrium 
almost finished. Finally, the sample was cooled to room temperature at -40 K/hr. 
   Various shapes of pure (99.9 %) hafnium polycrystalline rods were usedas starting 
materials for the bulk hafnium hydrides. Note that commercially grade pure hafnium 
contains a few percent of zirconium. After the annealing at 1123 K in vacuum for 12 
hours, the pure hydrogen gas was passed through a liquefied nitrogen trap and then 
introduced to the reaction chamber. Then, the sample was gradually cooled to 723 K 
for hydrogen absorption. According to the Le Chatelier's law, when the temperature of 
the system in the reaction chamber is becoming lower, the exothermic hydrogenation 
reaction of hafnium is proceeding in order to counteract the temperature change. 
Therefore, it is possible to control the hydrogenating rate by controlling the cooling rate. 
Since the hafnium hydride has comparatively low equilibrium hydrogen pressure, both 
the hydrogen flow rate into reaction chamber and the rate of the subsequent cooling 
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should be keep quite low. Therefore, 50 hours were taken for the hydrogen gas 
introduction and the cooling rate from 1123 to 723 K was set to -10 K/hour. Such quite 
slow cooling rate allowed us to produce the crack and void free bulk hydride. After 
reaching 723 K, the sample was furnace-cooled to room temperature. Hydrogen 
absorption during the furnace cool is scarce. 
   Polycrystalline pure (99.95 %) niobium was used as starting material for the bulk 
niobium hydride. After the annealing at 1073 K in vacuum for 12 hours, the pure 
hydrogen gas was introduced to the reaction chamber. Then, the sample was 
gradually cooled to 623 K for hydrogen absorption. The cooling rates in this case were 
-10 K/hour. Finally, after reached to 623 K, the sample was furnace-cooled to room 
temperature. 
   The pure zirconium and gadolinium were used as starting materials for the hydride of 
Zr-Gd alloy (Zr : Gd = 10  :  1). The purity of the zirconium and gadolinium is 99.9 wt%. 
The source materials were melted in an arc furnace under argon atmosphere at 0.05 
MPa. For homogeneity, the specimen was turned over and melted more than 5 times. 
The obtained ingot was cut into various shapes for measurements. After annealing at 
1073 K in vacuum for 10 hours, the pure hydrogen gas was introduced into the reaction 
chamber. Although the gadolinium hydride has quite low equilibrium hydrogen 
pressure, the zirconium hydride has comparatively high equilibrium hydrogen pressure. 
Therefore, both the hydrogen flow rate into reaction chamber and the rate of the 
subsequent cooling should be kept quite low. In this case, 50 hours were taken for the 
hydrogen gas introduction and the cooling rate from 1073 to 723 K was set to -10 K/hour. 
After reaching 723 K, the sample was furnace-cooled to room temperature. 
   These hydrogenation processes enable the production of various hapes of the bulk 
metal hydrides. For all the bulk metal hydrides, the hydrogen absorption is confirmed to 
finish at enough high temperature for hydrogen to homogenize in the samples. 
2-2-2. Sample Characterization 
   The hydrogen content of the specimens was measured by a hydrogen analyzer 
(EMGA-621, HORIBA Ltd.). The analyzer measures change in thermal conductivity 
which is affected by the hydrogen gas extracted from the sample, and then hydrogen 
content is computed. In this study, the measurements were repeated 5 times for all 
samples, and the average value was adopted from the data obtained. The phase of 
the prepared samples and lattice parameters were evaluated by a high-temperature 
X-ray diffractometer (RINT-2000/PC, Rigaku Corp.) using CuKa radiation in the He flow 
atmosphere. The errors of the lattice parameter values are within  0.0001 nm. The 
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surface condition of the sample was obtained by an optical microscope  (BX51M, 
OLYMPUS), a confocal scanning laser microscope  (OLS310, OLYMPUS), and a field 
emission type scanning electron microscope (FE-SEM) (JSM-6500F, JEOL). The 
information of the inside of sample also obtained after an argon ion milling treatment 
(SM-09010: Cross Section Polisher, JEOL). Crystallographic orientation measurement of 
the sample was performed using the FE-SEM equipped with an electron backscatter 
diffraction patterns (EBSP) system (01M400, TSL). The surface of the sample for the EBSP 
measurement was treated by a mechano-chemical polishing (CMP), i.e. a mechanical 
polishing with a chemical treatment using colloidal silica nano-particles, or the argon 
iron milling. 
2-2-3. Measurement Methods 
(a) Mechanical Properties 
   The longitudinal and shear sound velocity measurement was carried out by an 
ultrasonic pulse-echo method  (Echometerl  062, Nihon Matech Corp.) at room 
temperature. The sound velocity was obtained by following equation: 
V =(2-2-1)       T2L
2 
where V is the sound velocity of the sample, L is the length of the sample, T1 is the 
reflection time of the pulse from incidence face, and T2 is the reflection time from the 
rear face, respectively. 5.0 MHz longitudinal wave pulse and shear wave pulse were 
used for measuring the longitudinal sound velocity  (VL) and the shear sound velocity  
(  Vs  ), respectively. 
   Then the shear modulus  G  , the Young's modulus  E  , the bulk modulus  B, the 
Poisson's ratio  a and the Debye temperature  OD are calculated in terms of the 
longitudinal velocity  VL and the shear velocity  Vs as follows: 
G = pVs2 (2-2-2) 
         232 - 4Vs 2   E  =pVsx 
   VL 22 (2-2-3)              vL -u
 B=  p(VL2 - Vs2) (2-2-4) 
         3 
        1 VL 2 - 2Vs 2 
   °-P=2
_ vs   x22 (2-2-5) 
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             9N O
D=h(2-2-6)        k
47Nuc(liVL3 +2/V53) 
where p is the density of the sample, h the Planck constant, k the Boltzmann 
constant, N the number of metal atoms in a unit cell and  Vu, is unit cell volume. 
   The Vickers hardness was also measured using a Vickers harnesstester (MHT-1, 
Matsuzawa Co. Ltd.) at room temperature. The applied load and load time for the 
indentation were 1.0 kgf and 10 sec, respectively. The measurements were repeated 
more than 10 times for all samples, and the average hardness was estimated from the 
data obtained. The Vickers hardness  Hv was calculated using the following 
equation: 
 Hv[GPa] =  2PH sin(0 / 2)                                                              (2-2-7)
where  0 is the indenter apex angle (136°),  PH the applied load and d the mean 
length of diagonals. In the present study, the unit "GPa" is adopted to express the 
hardness instead of a general hardness number, "kgf/mm2," for comparison with such 
mechanical properties as the Young's modulus. 
(b) Electrical Properties 
   The electrical resistivity was measured by the standard four-probe  dc method 
(ZEM-1, ULVAC-RIKO Inc.) in helium atmosphere from room temperature to about 773 K. 
Fig.2.2.3 shows the schematic view of the apparatus. The resistivity of the sample was 
evaluated from following equation: 
     VrefA 
P=Pre,-(2-2-8)       V
AB'- 
where p is the resistivity of the sample,  Vref and VAB are the voltage of the reference 
resistor and the voltage between  two probes, A is the area of cross section of the 
sample, and L is the distance between  two electrodes, respectively. In the present 
study, the measurement was carried out in the temperature range from 353 K to about 
773 K. The measurements were repeated 3 times at same temperature with different 
temperature gradient (20 K, 30 K, and 40 K). 
(c) Thermal Properties 
   The thermal expansion was measured in a high purity argon (99.999%) atmosphere 
with a flow rate of 100  ml/min using by the differential thermodilatometry (TD5020, Bruker 
Axs) from room temperature to about 773 K. The  a -  A1203 was used as a reference 
sample. 
   The heat capacity was measured in a high purity argon (99.999%) atmosphere with  
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a flow rate of 100  ml/min using a differential scanning calorimetry (Triple-cell DSC, 
 ULVAC-RIKO Inc.) from room temperature to about 773 K. The apparatus which has "a 
triple-cell system and adiabatic temperature control system" was originally developed 
by Takahashi et al. [56]. The temperature differences between the sample side and 
empty side, and the reference side and the empty side were detected simultaneously 
by R-type thermocouples under the condition of constant heating rate. The specific 
heat capacity of the sample was determined by comparing each of the signals of 
sample side and empty side. The value of reference,  a-  A1203 standard, was also 
determined to check the accuracy of the measurement. In this study, two methods, a 
scanning method and an enthalpy method, were carried out. In the scanning method, 
the difference in ordinate displacement between the reference and blank and 
between the sample and blank were measured for a given temperature range of a 
scan. The enthalpy method refers to heat capacity measurements in which all the 
output signals during a temperature scan are integrated to give the total enthalpy 
change  (  AH  ) for the given temperature interval  ( AT  ). The quantity  Ohl  /OT is adopted 
as the value of the heat capacity at the middle point of the temperature interval. The 
measurement was  carried out at intervals of 50 K and heating rates of 5  K/min. The 
isothermal baselines at initial and final temperature were interpolated linearly to give the 
baseline values for temperatures within the interval. The ordinate values during and 
after scan were then integrated, taking into account the interpolated baseline. This 
procedure was performed on the results of scans on the sample, the reference and the 
blank runs. The enthalpy change of the sample was calculated by subtracting the 
integrated area for the determined by comparing the observed enthalpy change of 
the sample with that of the reference, by taking  into account the calibration constant. 
   The thermal diffusivity was measured by the laser flash method (TC-7000, 
ULVAC-RIKO Inc.) from room temperature to about 773 K in vacuum  (10-4 Pa). The 
technique is based on transiently heating one surface of the sample with an energy 
pulse from a ruby laser. The temperature change on the opposite surface was 
monitored with an indium antimonide infrared detector. The thermal diffusion equation 
is expressed from the experimental rear surface temperature history of the sample after 
being flashed by a laser pulse, using following equation [57]: 
 In(t1/2 T) = In[2 Tm (L2bio/2]_(LyDt)•y        4(2-2-9) 
where1-112 is thetime to one-half the maximum temperature rise Tm at rear surface of 
the sample, T is the temperature at rear surface of the sample at that time t, L is the 
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sample thickness, D is the thermal diffusivity, respectively. In the equation,  In01/2 
was assumed to be in reverse proportion to temperature T and then the value for the 
slope is L2  /4D . Therefore, the thermal  diffusivity was obtained by the following 
equation: 
 = L2 (2-2-10)  41-
1/2 
2-3. Results and Discussion 
2-3-1. Y-H system 
(a) Sample Characterization of Yttrium Hydrogen Solid Solution 
   It is found from the literature  [31] that hydrogen can dissolve up to 0.25 in atomic 
ratio [H/Y] at room temperature. The hydrogen content of the prepared sample was in 
the range from 0.00 to 0.20 in atomic ratio [H/Y]. From the X-ray diffraction analysis all 
the prepared samples were confirmed to have an hcp_A3 a -Y(H) single phase. Fig. 
2.3.1 shows the lattice parameters a and c at room temperature as a function of 
hydrogen content CH [H/Y], together with literature data by Spedding [58], Beaudry 
[59], and Khatamian [60]. The lattice parameter of yttrium hydrogen solid solution 
increases by hydrogen addition as expressed as follows: 
 a  [nm]= 0.3646  +1.029  x10-2 x  CH (H/Y) (2-3-1) 
  c [nm] = 0.5722 + 3.363 x  10-2 x CH (H/Y) (2-3-2) 
The present results are well accorded with the literature data. It was also confirmed 
that the densities of yttrium hydrogen solid solution determined from weight and 
dimensional measurements approximately equaled to the theoretical density 
calculated from the lattice parameter. The linear expansion coefficient of c-axis on 
the hydrogen content,  Ac =  (1/48c/aCH)  , is 3.36  x10-2  , which is larger than the 
coefficient of a-axis,  Aa =  (1/aXaci/aCH  ),  1.03 x  10-2  . It is considered that his difference 
is the actual c/a ratio for yttrium (1.57) being smaller than the ideal ratio for hcp structure 
(118/§  =  1.63  ).
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Fig. 2.3.1. Lattice parameters at room temperature of yttrium hydrogen solid solution as a 
       function of hydrogen content, together with literature data  [58-60] 
(b) Mechanical Properties of Yttrium Hydrogen Solid Solution 
   Fig. 2.3.2 shows the longitudinal  VL and shearVs sound velocities of the yttrium 
hydrogen solid solutions at room temperature as the function of hydrogen content CH 
[H/Y]. The velocities increase by hydrogen addition as expressed as follows: 
 VL  [m/s]  =  4193  +1848 x  CH(H/Y) (2-3-3) 
 Vs  [m/s] =  2425+ 404 x CH(H/Y) (2-3-4) 
Fig. 2.3.3 shows the Young's modulus  E, shear modulus  G, and Bulk modulus B at 
room temperature of the yttrium hydrogen solid solutions as a function of hydrogen 
content  CH [H/Y]. As same as the sound velocities, the elastic moduli of the yttrium 
hydrogen solid solution increases with increasing the hydrogen content. Therefore, it is 
found that the yttrium becomes elastically hard by the effect of hydrogen dissolution. 
The dependences of elastic moduli on the hydrogen content are expressed as follows: 
  E[GPa] =  65.0+  32.7  X  CH  (H/Y) (2-3-5) 
  G[GPa] =  26.0  +  9.15 x CH(H/Y) (2-3-6) 
  B[GPa] =  43.1+60.2 x CH(H/Y) (2-3-7) 
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Fig. 2.3.2. Sound velocities at room temperature of yttrium hydrogen solid solution as a 
                    function of hydrogen content. 
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Fig. 2.3.3. Elastic moduli of yttrium hydrogen solid solutions as a function of hydrogen 
                                content. 
 -  25  -
                                                        Chapter 2 
                                Basic Bulk Properties  of. Metal-Hydrogen Systems
   Fig. 2.3.4 shows the Debye temperature  OD at room temperature of the yttrium 
hydrogen solid solution as a function of hydrogen content CH [H/Y], together with 
literature data by Heiniger  [61]. The Debye temperature of the yttrium is increased by 
hydrogen addition as expressed as follows: 
 [K] =  250  +  37.4  x  CH  (H/Y) (2-3-8) 
The present result is smaller than the low temperature limit value (280 K)  [61], this 
difference is caused by the difference of measurement technique and temperature 
condition. 
   Fig. 2.3.5 shows the Vickers hardness  Hv at room temperature of the yttrium 
hydrogen solid solutions as a function of hydrogen content CH [H/Y]. The Vickers 
hardness also increases with increasing the hydrogen content as empirically expressed 
as follows: 
 Hv[GPa]  = 0.870 + 2.43 x CH(H/Y) (2-3-9) 
Therefore, it is also found that the yttrium becomes plastically hard by the effect of 
hydrogen dissolution. 
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   Fig. 2.3.4. Debye temperature of yttrium hydrogen solid solution as a function of 
            hydrogen content, together with literature data  [61]. 
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Fig. 2.3.5. Vickers hardness at room temperature of yttrium hydrogen solid solutions as a 
                     function of hydrogen content. 
(c) Electrical Properties of Yttrium Hydrogen Solid Solution 
   The temperature dependence of the electrical resistivity p of yttrium hydrogen 
solid solution is shown in Fig. 2.3.6. The electrical resistivity of yttrium hydrogen solid 
solution exhibits metallic temperature dependence and is gradually increased by 
hydrogen addition. It is confirmed from Fig. 2.3.7 that the electrical resistivity linearly 
increases with increasing hydrogen content up to  CH  =0.16. The interstitial hydrogen 
plays a role as electron scattering point and the Matthiessen's rule is fulfilled. Therefore, 
linear fitting could be performed with using following equation: 
 Y-H(T) =  pY(T)  c
HpH                                                           (2-3-10) 
where  pY-H(T)  p  Y(T) and  pH are the electrical resistivity of yttrium hydrogen solid 
solution, that of pure yttrium, and added resistivity for one H atom, respectively. The 
added resistivity with hydrogen interstice in the yttrium is  4.41x 10-6  n.m /(H/Y) in the 
temperature range from 373 K to 773 K. Bonnet [62] reported the values 
(2.34 -  2.48)x10-6  n-rn/(H/Y) as the added resistivities ofyttrium hydrogen solid solution 
with hydrogen content in the temperature range from 4.2 K to 300 K. The present value 
is larger than the literature values, which may be attributed to the difference of the 
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measuring temperature between them.
Fig. 2.3.6. Temperature dependence of electrical resistivity of yttrium hydrogen solid 
                                solution.
The electrical resistivities decreases on reaching a maximum near CH  =0.16 in the 
temperature range from 373 K to 773 K and this tendency becomes significant with 
increasing temperature. It is considered that the electronic structure of yttrium is 
changed by large amount of interstitial hydrogen and therefore their electrical 
resistivities disobey the Matthiessen's rule at above the maximum hydrogen content. 
The maxima of the electrical resistivity appear and shift o lower hydrogen content with 
increasing temperature. This result implies that there are other factors to affect with the 
resistivity and subsequently the limit of hydrogen content for the Mathiesen's rule 
becomes smaller with increasing temperature. The electron density of states of the 
yttrium hydrogen solid solution dominates in the vicinity of the Fermi level, which explains 
the metal-like temperature dependence of the electrical resistivity. The temperature 
factor could not be considered by the first principle calculation, therefore the further 
discussion is limited. However, there is one simple assumption. The pure yttrium is 
strongly anisotropic in the electrical resistivity, originally. Zinov'yev [63] showed that the 
anisotropy for the electrical resistivity  pij  pll of the pure yttrium single crystal 
decreased with increasing temperature, which was related to that the ratio c/a for pure
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yttrium also got near to the ideal ratio for hcp structure  (V8/  3 ) with increasing 
temperature  ( p1 was the electrical resistivity perpendicular to the direction of c axis 
and  psi was the resistivity parallel to the direction of c axis). This can be easily 
understood by spread of  electron's path. As is noted earlier, the ratio of the lattice 
parameter c/a for yttrium hydrogen solid solution get near to the ideal ratio for hcp 
structure  (,,f.) with increasing the hydrogen content. In the temperature range the 
maxima of the electrical resistivity appear, the p1 would decrease with the lattice 
expansion by hydrogen addition. The electrical resistivity of the polycrystalline  ppoLy  is 
known to be expressed as: 
  PPOLY  =  2/  3P1  +1/  3Pll  (2-3-1  )
Therefore, this assumption is borne out by the large effect on the  ppm of the  p1 and 
the small effect on the resistivity of hydrogen as the impurity [53].
                    Hydrogen Content, CH [H/Y] 
Fig. 2.3.7. Electrical resistivity ofyttrium hydrogen solid solution as a function of hydrogen 
  content; Dotted lines are fitting in the hydrogen content range from 0.00 to 0.16 in 
                              atomic ratio.
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(d) Sample Characterization of Yttrium Hydride 
   Various shapes of bulk yttrium hydrides could be prepared. Fig. 2.3.8 shows the 
appearances of the prepared samples. Metallic gray color of the yttrium metal 
changed to dark blue of the yttrium hydride. Hydrogen contents CH of the prepared 
samples were in the range from 1.72 to 2.01 in atomic ratio  [H/Y]. Fig. 2.3.9 shows the 
X-ray diffraction patterns of  YH1.72 and  YH2.01, together with literature data by Markin 
[64]. From the analysis, it is found that all of the samples prepared in the present study 
show a fluorite type structured  fcc_Cl  ( 6-phase).
Fig. 2.3.8. Appearances of the bulk yttrium hydride.
   Fig. 2.3.10 shows the lattice parameter at room temperature as a function of the 
hydrogen content CH [H/Y], together with literature data. The present results are in 
good agreement with the results of Landin [65], Khatamian [66], Lundin [67], and Daou 
[68]. It is found from this figure that the lattice parameter slightly decreases with 
increasing the hydrogen content, according to the following relationship: 
 a  [nm]  =  0.5216  -  4.367  x10-4 x  CH (H/Y) (2-3-12) 
It was confirmed that the densities of the hydrides determined from weight and 
dimensional measurements approximately equaled to the theoretical density, which
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was calculated from the lattice parameter. Therefore it is considered that there exist 
scarce voids in the sample. Micro cracks or voids were not found on the surface and 
inside of the samples from the confocal scanning laser microscope observation. 
 SYHx  (H/Y=2.01) 
                                           SYNx (H/Y=1.72)
       a 
               :1-            (7)
                                             YH2 (Markin) 
       20 30 40 50 60 70 80 90 100 110 
                         Diffraction angle, 29  [degree] 
   Fig. 2.3.9. X-ray diffraction patterns of yttrium hydride, together with literature data 
                            [64]. 
 -31  -
                                                          Chapter 2 
                               Basic Bulk Properties of Metal-Hydrogen Systems
 0.5210   
                  •
     E 
                            A 
    N 
        E  0.5205  - 
     2 
      0 
                  • SYHx This Work 
                  A Landin 
      -J-oKhatamian 
                  O Lundin 
                      Daou 
          0.5200  '  •  • •  •  I  •  • • •  i  •  •  •  •  •  •  •  • I  
        1.7 1.8 1.9 2.0 2.1 
                     Hydrogen Content, CH [H/Y] 
 Fig. 2.3.10. Lattice parameter at room temperature of yttrium hydride as a function of 
            hydrogen content, together with literature data [65-68]. 
   Fig. 2.3.11 shows the density at room temperature of the hydrided yttrium as a 
function of hydrogen content CH [H/Y]. In the a phase region, the density of the 
yttrium decreases with hydrogen addition, due to lattice expansion. In the  ( a  +6) two 
phase region, the density of hydrided yttrium is supposed to decrease with increasing 
the hydrogen content, because the density of the yttrium hydride is smaller than that of 
the yttrium hydrogen solid solution. In the 6 phase region, the density gradually 
increases with the hydrogen content due to lattice shrinking. From the measurements 
using electron backscattering diffraction pattern (EBSP) as shown in Fig. 2.3.12, the grain 
sizes of the samples are found to be around  77  pm  ,which is larger than those of titanium 
and zirconium hydrides. It is considered that the difference in hydrogen absorption 
temperature described in section 2-2 would contribute to this difference. Apparent 
crystalline orientation in the samples was not confirmed from the many time EBSP 
measurements. It is considered that the prepared samples are isotropic polycrystalline 
materials. 
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Fig. 2.3.11. Density at room temperature of the hydrided yttrium as a function of 
                       hydrogen content.
Fig. 2.3.12. Crystal orientation map of yttrium hydride  YH1.86 .
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(e) Mechanical Properties of Yttrium Hydride 
   Fig. 2.3.13 shows the longitudinal and shear sound velocities for yttrium metal and 
hydrides at room temperature, together with literature data by Beattie [69]. The 
velocities for the hydrides are larger than those for the metal and linearly increase by 
hydrogen addition as expressed as follows; 
 VL  [m/s] =  3640+1295  x  CH  (H/Y) (2-3-13) 
 Vs[m/s]  =  1813  +  930.2  x CH(H/Y) (2-3-14) 
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 Fig. 2.3.13. Sound velocities at room temperature of yttrium hydride as a function of 
            hydrogen content, together with literature data [69]. 
   Fig. 2.3.14 shows the Young's modulus E, shear modulus  G, and bulk modulus B 
at room temperature of the yttrium hydride as a function of hydrogen content CH [H/Y], 
together with literature data by Beattie [69]. The elatic moduli of the yttrium hydride 
are larger than those of the pure yttrium and slightly increase with increasing the 
hydrogen content. The dependences of hydrogen content on these moduli are 
described as following equations: 
  E[GPa] =  38.7+ 49.7  x  CH(H/Y) (2-3-15) 
 G[GPa]  =15.2  +  20.4  x  CH(H/Y) (2-3-16) 
  B[GPa] = 27.4 + 29.5 x  CH  (H/Y) (2-3-17) 
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 Fig. 2.3.14. The elastic moduli at room temperature of yttrium hydride as a function of 
            hydrogen content, together with literature data [69]. 
   Fig. 2.3.15 shows the Poisson's ratio of the yttrium hydride as a function of hydrogen 
content. It is found from this figure that the Poisson's ratio is not changed by hydrogen 
addition. Therefore, the crystal of the yttrium hydride is considered to become 
isotropically harder due to hydrogen addition. Fig. 2.3.16 shows the Debye 
temperatures at room temperature of the yttrium hydride as a function of hydrogen 
content, together with the value that estimated from the literature data by  Beattie. 
Beattie calculated the Debye temperature of  YI-11.93 as 537 K, determining that the N in 
the equation (2-2-6) was equal to the number of all atoms in the unit cell. In this figure, 
the author re-calculated the Debye temperature as 375 K assuming that N was 4, for 
comparing with the results of the present study, and for the unification with the previous 
studies for the titanium and zirconium hydrides [9, 13, 16, and  21]. The Debye 
temperature of the hydride is higher than that of the pure yttrium and increases with 
increasing the hydrogen content as expressed as follows: 
  OD [K] =  234  +  66.2  x  CH(H/Y) (2-3-18) 
The increase is caused because the yttrium hydride is elastically harder than the pure 
yttrium. 
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 Fig. 2.3.15. Possion's ratio at room temperature of yttrium hydride as a function of 
                         hydrogen content. 
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Fig. 2.3.16. Debye temperature of yttrium hydride as a function of hydrogen content, 
       together with the value that estimated from literature data [69]. 
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   Fig. 2.3.17 shows the Vickers hardness at room temperature of the yttrium hydride, 
together with literature data by Parker [70]. The hardness values of the hydrides are 
also larger than that of the pure yttrium and slightly increase with the hydrogen addition, 
expressed as follows: 
 Hv[GPa]  =  1.90  +  3.00  x  CH  (H/Y) (2-3-19) 
Lundin  [71] reported that the increase of hydrogen content induced the increase of 
hardness of yttrium hydride. Therefore it is considerable that this accordance of the 
increasing hardness between Lundin and the present study indicate that hydrogen 
addition hardens the hydride. 
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   Fig. 2.3.17. Vickers hardness at room temperature of yttrium hydride as a function of 
            hydrogen content, together with literature data [70]. 
(f) Electrical and Thermal Properties of Yttrium Hydride 
   Fig. 2.3.18 shows the temperature dependence of electrical resistivity of yttrium 
hydride, together with literature data by Daou [72]. The electrical resistivity of yttrium 
hydride shows metallic temperature dependence and is drastically lower than that of 
the pure yttrium. This drastic decrease also reported in literatures [72, 73]. The 
increase of the Debye temperature is one of the reasons for the significant decrease of 
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the resistivity with hydrogenation. It is considered that the number of electrons as 
carriers of yttrium hydride is smaller than those of the pure yttrium because some free 
electrons are utilized in the metal-hydrogen bond. Therefore, the decrease in electrical 
resistivity should be attributed to the increase in mobility of the carriers. The first 
principle electronic structure calculations on same rare-earth metal and hydrogen 
system were previously performed by Gupta et al. [74-76]. They indicated that the 
electron-phonon interaction of the lanthanum hydride was smaller than that of pure 
lanthanum, which resulted in reduction of its electrical resistivity due to hydrogenation. 
The similar discussion can be hold for the yttrium-hydrogen system because the yttrium 
and lanthanum are same rare-earth metals. 
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     Fig. 2.3.18. Temperature dependence of electrical resistivity ofyttrium hydride, 
                   together with literature data [72]. 
   Fig. 2.3.19 and Fig. 2.3.20 show the temperature dependence of thermal expansion 
and linear thermal expansion coefficient (LTEC) of the yttrium hydrides, together with the 
literature data by Nolting [77], Touloukian [78], and Lundin [79]. The present data are 
good accordance with the literatures. The LTECs of the yttrium hydrides are almost 
same as that of the pure yttrium but slightly increase with increasing temperature and 
hydrogen content. 
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Fig. 2.3.19. Temperature dependence of thermal expansion; (a) Pure Y, (b) Yttrium 
             hydride, together with literature data [76, 77].
Fig. 2.3.20. Temperature dependence of linear thermal expansion coefficient  (LTEC) of 
             yttrium hydride, together with literature data [79].
   Fig.  2.3.21 shows the temperature dependence of specific heat capacities  Cp of 
the pure yttrium and the yttrium hydrides, together with literature data [51, 80, and  81].
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The specific heat capacity of yttrium hydride is much higher than that of the pure yttrium. 
In addition, the dependence on hydrogen content is not observed. The temperature 
dependence of the heat capacity of the yttrium hydride is empirically expressed as 
follows: 
 Cp  =  37.28  +  5.707  x10-2  x  T  -1.391x  106  x  T-2 (2-3-20)
Fig. 2.3.21. Temperature dependence of specific heat capacity of yttrium hydride, 
             together with literature data [51, 80, and  81].
There are various contributions to the heat capacity at constant pressure: the 
contributions are the lattice vibrational term, the dilatational term, and the electronic 
term. In the case of metal hydrides, the metal atoms contribute to the vibrational term 
for acoustic mode and the hydrogen atoms contribute to the vibrational term for 
optical mode. The characteristic temperature  0 [K] of their vibrations is quite different 
from each other because of their large difference in the mass between the metallic 
atoms and the hydrogen atom. Therefore the total heat capacity  Cp is 
approximately expressed as follows: 
  Cp =  CvY  +  Cd  +  Cep  +  CvH  (2-3-21) 
where the  CvY is the vibrational term for the acoustic mode, the Cd is the  dilatational
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term, the Cei is the electronic term, and  Cv" is the vibrational term for the optical 
mode, respectively. The acoustic vibrational term of metal  Cvm can be calculated 
by means of the Debye approximation using the following equation: 
  cvy91(T)3rn- X4ex,dx (2-3-22)          OD (ex-lr 
where  9D is the Debye temperature that can be adopted from the present 
experimental data and R is the gas constant. The dilatational term is estimated as 
follows: 
 Cd =  aL2VniBT  / 9  (2-3-23) 
where  at. is the linear thermal expansion coefficient,  Vro is the molar volume, and B 
is the bulk modulus. The present experimental data were utilized for calculating the 
term. The electronic term can be also calculated as the following equation: 
 Cep =  YT  (2-3-24) 
The reference data of the coefficient of electronic heat capacity y by Flotow [80] was 
adopted for the yttrium hydride. The optical vibrational term of hydrogen  Cv" can 
be calculated by means of Einstein approximation using the following equation: 
  CvH= 3CHR(t9E 12               expOE/T)                                                            (2-3-25)          T)lexpOET)--112 
where  CH is the hydrogen content in atomic ratio  [H/M], and  BE =  h  v  /  k is the Einstein 
temperature  reported by Semekov [82]. The calculation was carried out with the 
presumption that these input parameters were independent of temperature. 
   Fig. 2.3.22 shows the calculated heat capacity of  YH2  , together with experimental 
results. The calculated heat capacity is slightly lower than the experimental results 
obtained in the present study. It is found that the acoustic mode of the lattice vibration 
is the most dominant below 200 K, whereas the heat capacity from the hydrogen 
optical mode increases with temperature above room temperature. 
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  Fig. 2.3.22. Temperature dependence of the calculated heat capacity of yttrium 
               hydride, together with the experimental results. 
   Fig. 2.3.23 shows the temperature dependence of thermal diffusivities a of the 
yttrium hydride. The thermal diffusivity of the yttrium hydride decreases with increasing 
temperature. The diffusivities of the hydrides are higher than that of the pure yttrium in 
the temperature range from room temperature to 700 K and not affected by the 
hydrogen content. This characteristic becomes much more pronounced as 
temperature decreases. The temperature dependence of the thermal diffusivity of 
 5YHx for the present study is expressed as follows: 
  a[m2/s] =0.1601.31x  10-5 (2-3-26) 
The thermal conductivity K was derived from the thermal diffusivity  a  , the heat 
capacity  Cp  ,and the density  p: 
 K =  aCp  p (2-3-27) 
Fig. 2.3.24 shows the estimated thermal conductivity of the yttrium hydride, which is 
higher than that of the pure yttrium. As with the diffusivity, the thermal conductivity of 
the hydride decreases with temperature increases, whereas that of the pure metal stays 
almost constant. A slight dependence on the hydrogen content of the conductivity is 
observed. 
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                      Temperature, T [K] 
Fig. 2.3.23. Temperature dependence of thermal diffusivity of yttrium hydride.
                      Temperature, T  [K] 
Fig. 2.3.24. Temperature dependence of thermal conductivity of yttrium hydride.
   The total thermal conductivity can be approximately represented as the sum of the 
electron  (Ice'  ) and phonon  (  Kph) components as follows:
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 Ktotal = Kel  + Kph  (2-3-28) 
The electron contribution was estimated with the use of the Wiedemann-Franz 
relationship with use of following relationship: 
      LT 
 Kel = (2-3-29) 
where L and p are the Lorentz number and the electrical resistivity, respectively. The 
phonon contribution Kph was estimated by subtracting the electron contribution  Kel 
from the measured thermal conductivity -lctotal Fig. 2.3.25 shows the contributions of 
the electrons and phonons for the thermal conductivities of the yttrium hydride, 
together with the results of the pure yttrium. Both the  Kel and Kph of the hydride are 
larger than those of the pure yttrium. The increase of electron contribution for the 
hydride against that for the metal is attributed to the decrease of electrical resistivity. It 
is considered that the difference of phonon contribution between the hydride and 
metal is caused by the difference of the Debye temperature. The thermal 
conductivities of titanium and zirconium hydrides showed a nearly constant value of 20 
W/m/K against Temperature [12, 13, and 23]. Therefore the yttrium hydride is superior to 
the titanium and zirconium hydrides in regard of heat removal.
                       Temperature, T [K] 
Fig. 2.3.25. Contributions of the electrons and phonons for the thermal conductivity of 
                         yttrium hydride.
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2-3-2. Hf-H system 
(a) Sample Characterization of Hafnium Hydride 
   Various hapes of bulk hafnium hydrides could be produced. Fig. 2.3.26 shows the 
appearances of the prepared samples that is silver-gray colored. Hydrogen contents 
 CH of the prepared samples were in the range from 1.54 to 1.73 in atomic ratio [H/Hf]. 
Fig. 2.3.27 shows the X-ray diffraction patterns at room temperature of the hafnium 
hydride, together with literature data by Sidhu [83]. From the analysis, it was found that 
the samples prepared in the present study are a fluorite type structured  fcc_Cl  ( 6  ) 
single phase or a 6' single phase.  It was confirmed that the sample whose hydrogen 
content was below 1.58 in atomic ratio had the 6' phase.
Fig. 2.3.26. Appearance of various shapes of the bulk hafnium hydride.
   Fig. 2.3.28 shows the lattice parameter at room temperature of the hafnium 
hydride  SHfHx as a function of the hydrogen content CH [H/Hf], together with 
literature data by Sidhu [33, 83], Espagno [34], Katz [84], and Lewis [52]. The present 
results are in good agreement with the literature data. It is found from this figure that 
the lattice parameter linearly increases with increasing the hydrogen content, 
according to the following empirical relationship: 
  a[nm] = 0.4295 + 2.513 x 10-2 x CH(H/Hf) (2-3-30) 
The densities of the samples determined from weight and dimensional measurements
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were found to be about 97% to the theoretical density that was calculated from the 
lattice parameter. The density of the pure hafnium used in the present study was also 
about 97% to the theoretical density. The commercial grade hafnium contains a few 
percent impurity of zirconium, which would cause the smaller densities of the present 
samples than their theoretical densities. Micro cracks or voids were not found on the 
surface and inside of the samples from the confocal scanning laser microscope 
observation. From the EBSP measurements as shown in Fig. 2.3.29, the grain sizes of the 
samples are found to be around  15  pm  , which is similar to those of hydrides of titanium 
and zirconium those are congener elements. Apparent crystalline orientation in the 
samples was not confirmed from the many time EBSP measurements. It is considered 
that the prepared samples are isotropic polycrystalline materials. 
 81-If  H1.64  (Sidhu) 
 6 
    .
47, r....1..,.1..,. 
                                          HfH163 
        C 
       20 30 40 50 60 70 80 90 100 110 120 
                  Diffraction Angle,  20 [degree] 
Fig. 2.3.27. X-ray diffraction patterns at room temperature of hafnium hydride, together 
                      with reference data [83]. 
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Fig. 2.3.28. Lattice parameters at room temperature of hafnium hydride as a function of 
      hydrogen content, together with literature data [33, 34, 52, 83, and 84].
Fig. 2.3.29. Crystal orientation map of hafnium hydride  6HfH1.68
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(b) Mechanical Properties of Hafnium Hydride 
   Fig. 2.3.30 shows the longitudinaland shear sound velocities of hafnium metal and 
the hydride  81-IfHx at room temperature. The velocities of the hydrides are drastically 
reduced by hydrogen addition as expressed as follows; 
 VL  [m/s] = 9.925  x103 - 3.375 x  103 x  CH  (H/Hf) (2-3-31) 
 Vs  [m/s]  =1.215  x104  -  6.187  x103  x  CH(H/Hf) (2-3-32) 
 5000 
 4000 
       NSHfHx PureHf 
         (I) 
  i••• 3000VL•0 
 0  Vs •                                          I 
        (T) 
         c  2000 
        0 
 1000 
         0.0 1.55 1.60 1.65 1.70 1.75 
                    Hydrogen Content, CH [H/Hf] 
 Fig. 2.3.30. Longitudinal and shear sound velocities at room temperature of hafnium 
                hydride as a function of hydrogen content. 
   Fig.  2.3.31 shows the Young's modulus  E, shear modulus  G  , and bulk modulus B 
at room temperature of the hafnium hydride  51-IfHx as a function of hydrogen content 
CH [H/Hf], together with literature data by Gorecki [85]. The Young's modulus and 
shear modulus of the hafnium hydride are lower than those of the hafnium metal, and 
drastically decrease with increasing the hydrogen content. On the contrary, the bulk 
modulus of the hydride is higher than that of the pure hafnium and almost independent 
of the hydrogen content. The dependencies of hydrogen content on these moduli are 
empirically described as following equations: 
   E[GPa]  =1.17  x103  -  6.40  x102 x  CH  (H/Hf) (2-3-33) 
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G[GPa] = 4.88  x  102 - 2.70 x 102 x CH(H/Hf) 
B[GPa] = 2.09  x102  -  3.39  x101x CH(H/Hf)
(2-3-34) 
(2-3-35)
Fig. 2.3.31. Elastic moduli at room temperature of hafnium hydride as a function of 
          hydrogen content, together with literature data [85].
Fig. 2.3.32 shows the Poisson's ratio of the hafnium hydride  6HfHX as a function of 
hydrogen content CH [H/Hf]. The Poisson's ratio of the hydride is higher than that of 
the pure hafnium and increases with increasing the hydrogen content. The 
dependence of the hydrogen content is described as following equations: 
  6[-] = -0.869 + 0.754 x  CH  (H/Hf) (2-3-36) 
The mechanical instability of crystal against all kinds of shear deformations increases 
with increasing the Poisson's ratio. In other words, the higher Poisson's ratio a crystal has, 
the lower elastic moduli such as the Young's modulus and shear modulus of the crystal 
are. Therefore, it is considered that the hydrogen content in the hafnium hydride 
affects its anisotropic deformation behaviors such as lateral and shear deformations but 
not the behavior of isotropically elastic deformation. As a result, the hafnium becomes 
elastically softer by the hydrogenation.
 -  49  -
                                                          Chapter 2 
                               Basic Bulk Properties of Metal-Hydrogen Systems
                0.4 
         0 
          ce
         N
 o 0.3  - 
         U) 
 .5 
                                               • 81-IfHx
                                             0 PureHf
            0.2  /  1  •  •  •  •  1  • • • • ' • • • • 1 • • • • 
         0.0 1.55 1.60 1.65 1.70 1.75 
                    Hydrogen Content, CH [H/Hf] 
  Fig. 2.3.32. Possion's ratio at room temperature of hafnium hydride as a function of 
                          hydrogen content. 
   Fig. 2.3.33 shows the Debye temperatures at room temperature of the hafnium 
hydride  6HfHx as a function of hydrogen content, together with literature data of low 
temperature limit by Kittel [86]. The Debye temperature of the hydride is lower than 
that of the pure hafnium and decreases with increasing the hydrogen content as 
empirically expressed as follows: 
 0D[K] =1.05 x  103 - 5.35 x 102 x CH(H/Hf) (2-3-37) 
The mechanism of this decrease is same as the decrease of the elastic moduli. 
   Fig. 2.3.34 shows the Vickers hardness at room temperature of thehafnium hydride 
 6HfHX as a function of hydrogen content CH [H/Hf]. The hardness values of the 
hydrides are higher than that of the pure hafnium. As well as elastic moduli, the 
hardness decreases with increasing the hydrogen content, expressed as follows: 
  Hv  [GPa] =  9.56  - 4.10 x CH (H/Hf) (2-3-38) 
The effect of hydrogenation on the mechanical properties for the hafnium is very similar 
to that of the titanium  [21] which is congener element. 
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Fig. 2.3.33. Debye temperature of hafnium hydride as a function of hydrogen content, 
                  together with literature data [86]. 
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Fig. 2.3.34. Vickers hardness at room temperature of hafnium hydride as a function of 
                         hydrogen content. 
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(c) Electrical and Thermal Properties of Hafnium Hydride 
   Fig. 2.3.35 shows the temperature dependence of electrical resistivity of hafnium 
hydride, together with literature data by Rossiter [87] and Andrievskii [88]. The electrical 
resistivity of hafnium hydride shows metallic temperature dependence and is almost 
same as that of pure hafnium. The increasing rate with temperature of the hydride is 
slightly lower than that of the pure metal. These trends are similar to the titanium and 
zirconium hydride. On the contrary, the hydride sample that has lower hydrogen 
content than 1.58 in atomic ratio indicates anomalous temperature dependence of the 
resistivity below 400 K. This is attributed to the 6 prime to 6 phase transition.
Fig. 2.3.35. Temperature dependence of electrical resistivity of hafnium hydride, 
               together with literature data [87, 88].
Fig. 2.3.36 shows the thermal expansion  AL  /L of the hafnium hydrides, together with 
the literature data by Touloukian [77]. There is inflection point at about 400 K in the 
thermal expansion of the hydride that has lower hydrogen content than 1.58 in atomic 
ratio. For these samples, the data below about 400 K are for the  6 prime phase and 
the data above the temperature are for the  6 phase. The inflection temperature 
appears to decrease with increasing the hydrogen content. The thermal expansion of 
the hafnium hydride is higher than that of the pure hafnium and gradually decreases 
with increasing hydrogen content. The thermal expansion of  6 prime phase is slightly
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lower than that of the  8 phase; the sample expands due to the  8'  -8 phase transition.
Fig. 2.3.36. Thermal expansion of hafnium hydride, together with literature data [77].
Fig. 2.3.37. Temperature dependence of linear thermal expansion coefficient  (LTEC) 
        of hafnium hydride, together with literature data [77, 89].
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   Fig. 2.3.37 shows the temperature dependence of linear thermal expansion 
coefficient (LTEC) of the hafnium hydrides, together with the literature data by Risovany 
[89]. The present LTEC of the hydride is slightly higher than the literature data. The 
LTEC of the hafnium hydride gradually increases with increasing temperature whereas 
that of the pure hafnium is almost constant against temperature. 
   Fig. 2.3.38 shows the temperature dependence of specific heat capacity of 
hafnium hydride, together with literature data by Cox [90]. Anomaly in temperature 
dependence is also detected in the heat capacity, which is considered to be due to 
the 6 prime to 6 phase transition. The heat capacity of the hafnium hydride is higher 
than that of the pure hafnium and slightly increases with increasing the hydrogen 
content. In addition, the heat capacity gradually increases with increasing 
temperature unlike the pure metal. The heat capacity of 6 phase hafnium hydride in 
the temperature range from 400 to 673 K is empirically expressed as follows: 
 Cp  =  -7.70  x  102  +  4.96  x  102  X  CH 
 +  (5.93x  10-1  - 3.35x  10-1  x  CH)  •  T (2-3-39) 
 +  (8.42  x  107  - 5.25  x  107  x  CH)  •  T-2
Fig. 2.3.38. Temperature dependence of specific heat capacity of hafnium hydride, 
                  together with literature data  [90].
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Fig. 2.3.39. Calculated specific heat capacity of hafnium hydride.
   Fig. 2.3.39 shows the calculation results specific heat capacity of hafnium hydride. 
The calculation procedure is described in Chapter 2.3.1. The author couldn't find 
literature data of the characteristic frequency of optical hydrogen vibration and 
electronic heat capacity coefficient of the hafnium hydride. Therefore, these data on 
hydride of titanium that is the congeneric element alternatively utilized for the 
calculation of the heat capacity [91, 92]. The experimental data are slightly higher 
than the calculated heat capacities. However, the calculation indicates the 
qualitative understanding on the heat capacity behavior. The elevations with 
temperature and hydrogen content are attributable to the excitation of the optical 
hydrogen vibration. 
   Fig. 2.3.40 shows the temperature dependence of thermal diffusivities of the 
hafnium hydride, together with literature data by Tsuchiya [93] and Toloukian [94]. 
Anomaly in the temperature dependence of the hydride with lower hydrogen content is 
also detected in the diffusivity, which is considered to be due to the 6 prime to 6 
phase transition. Throughout the electrical and thermal properties, the inflection 
temperature seems to decrease with increasing the hydrogen content, which is 
corresponding to the phase diagram information of the hafnium-hydrogen system [32]. 
The thermal diffusivity of the 6 phase hydride is lower than that of the pure hafnium
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and slightly decreases due to the hydrogen addition. The thermal diffusivity of the  8' 
phase hydride drastically decreases with increasing temperature. The lattice stability of 
the  8' phase is considered to decreases with increasing temperature, which probably 
influences the conduction behaviors of the thermal carriers. Taking into account the 
hydrogen content dependence of the diffusivity, the present data are slightly higher 
than the literature data. With use of the diffusivity, the specific heat capacity, the 
sample density, the thermal conductivity of hafnium hydride are evaluated. Fig.  2.3.41 
shows the estimated thermal conductivity of the hafnium hydrides, which are slightly 
higher than that of the pure hafnium. Fig. 2.3.42 shows the temperature dependence 
of the electron and phonon contributions for the total thermal conductivity of the 
hafnium hydride, together with the results of the pure hafnium. The estimation method 
of these contributions is described in Chapter 2.3.1. The electron contribution of the 
hydride increases with increasing temperature and slightly lower than that of the pure 
hafnium. On the contrary the phonon contribution of the hydride is higher than that of 
the pure hafnium and decreases with increasing temperature. Accordingly, the total 
thermal conductivity is almost independent of temperature.
Fig. 2.3.40. Temperature dependence of thermal diffusivity of hafnium hydride, together 
                     with literature data [93, 94].
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Fig.  2.3.41. Temperature dependence of thermal conductivity of hafnium hydride.
Fig. 2.3.42. Temperature dependence of the electron and lattice contribution to thermal 
                    conductivity of hafnium hydride.
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2-3-3. Nb-H system 
(a) Sample Characterization of Niobium Hydrogen Solid Solution 
   The hydrogen content of the prepared sample was in the range from 0.00 to 0.032 in 
atomic ratio [H/Nb]. It is found from the literature [95] that niobium absorbs hydrogen 
and forms a single phase (bcc_A2, a -phase) solid solution up to a hydrogen content 
CH =0.059 in atomic ratio [H/Nb] at room temperature. From the X-ray diffraction 
analysis all the prepared samples were confirmed to have an bcc _A2 a -Nb(H) single 
phase. The lattice parameter a of the niobium hydrogen solid solution at room 
temperature is plotted as a function of the hydrogen content CH  [H/Nb] in Fig. 2.3.43, 
compared with literature data by Manchester [43] and Amato [96]. It is found from this 
figure that the lattice parameter linearly increases with increasing the hydrogen content, 
according to the following relationship: 
   a[nm] =  0.3303  +1.382 x10-2 x CH(H/Nb) (2-3-40) 
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Fig. 2.3.43. Change in lattice parameter at room temperature of niobium hydrogen solid 
      solution with hydrogen content, together with literature data [43, 96]. 
It has been reported that hydrogen-induced volume expansions in the metals are in the 
range  2.6  -  3.2  x10-3[nm3/(H/M)]  . The present hydrogen-induced volume expansion 
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value is 2.62  x10-3[nm3/(H/M)] and is therefore in good accordance with the literature. 
It is also found that the geometrical density of the sample, which is determined from the 
weight and dimensional measurements, is approximately equal to the theoretical 
density, which is determined from the lattice parameter. 
(b) Mechanical Properties of Niobium Hydrogen Solid Solution 
   Fig. 2.3.44 shows the change in the longitudinaland shear sound velocities of the 
niobium hydrogen solid solutions at room temperature with the hydrogen content CH 
[H/Nb]. It is found from this figure that the sound velocities increases with hydrogen 
addition as empirically expressed as follows: 
 VL[m/s] =  5060  +1.45  x103 x CH(H/Nb) (2-3-41) 
 Vs  [m/s] =  2050  +1.00  x103  x  CH  (H/Nb) (2-3-42) 
(7. 
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 Fig. 2.3.44. Change in longitudinal and shear sound velocities at room temperature of 
           niobium hydrogen solid solution with hydrogen content. 
   Fig. 2.3.45 shows the Young's modulus and shear modulus of the niobium hydrogen 
solid solutions as a function of hydrogen content CH [H/Nb], together with literature 
data by Fisher [97] and Wriedt [98]. As same as the sound velocities, the elatic moduli 
of the niobium hydrogen solid solution increases with increasing the hydrogen content. 
The present result of change in the Young's modulus qualitatively agrees with the 
literatures. The difference with Fisher in absolute values is acceptable because these 
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reported values are approximately calculated from the elastic constants of single 
crystals; the present study expresses more precisely the characteristics of polycrystalline 
niobium hydrogen solid solution. The dependence of elastic moduli on the hydrogen 
content in this study is described by the following empirical equations: 
 E[GPal  =  101+  84.0  x  CH(H/Nb) (2-3-43) 
 G[GPa]  =  35.9  +  31.2  x  CH(H/Nb) (2-3-44) 
Fig. 2.3.46 shows the change in the Debye temperature at room temperature of the 
niobium  hydrogen solid solution as a function of hydrogen content CH [H/Nb], together 
with the data obtained from Kittel [86]. The Debye temperature increases with the 
hydrogen addition as expressed by the following empirical equation: 
  OD  [K] =  264  +1.16  x102 x CH(H/Nb) (2-3-45) 
The present result is smaller than the value of low temperature limit (275 K). This 
difference arises from the use of both different measurement techniques and 
temperature conditions. 
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  Fig. 2.3.45. Change in  Young's and shear moduli at room temperature of niobium 
 hydrogen solid solution with hydrogen content, together with literature data [97, 98]. 
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  Fig. 2.3.46. Change in Debye temperature of niobium hydrogen solid solution with 
            hydrogen content, together with literature data [86]. 
   Fig. 2.3.47 shows the Vickers hardness  Hv at room temperature of the niobium 
hydrogen solid solutions as a function of hydrogen content CH [H/Nb]. The Vickers 
hardness also increases with increasing the hydrogen content as expressed as follows: 
 Hv  [GPa] = 0.536 + 4.83 x CH(H/Nb) (2-3-46) 
Therefore, it is considered that the niobium is elastically and plastically hardened by the 
effect of hydrogen dissolution. The elastic moduli and hardness of the titanium and 
zirconium hydrogen solid solutions, which had hcp crystal structure, were reported to 
decrease with increasing hydrogen content. On the contrary, the solute hydrogen 
enhances the mechanical properties of the yttrium hydrogen solid solution that has hcp 
crystal structure as well as the niobium hydrogen solid solution that has bcc crystal 
structure. Therefore, the interstitial hydrogen effect appears to be independent of 
crystal structures. In Chapter 3, the difference of hydrogen effect is discussed in terms 
of electronic structure. 
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Fig. 2.3.47. Change in Vickers hardness of niobium hydrogen solid solution with hydrogen 
                                  content.
(d) Sample Characterization of Niobium Hydride 
   Various shapes of bulk niobium hydrides could be produced. Fig. 2.3.48 shows the 
appearances of the prepared samples, which has silver-gray color. Hydrogen contents 
CH of the prepared samples were in the range from 0.72 to 0.84 in atomic ratio [H/Nb].
Fig. 2.3.48. Appearances of the bulk niobium hydride.
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       Fig. 2.3.49 shows the X-ray diffraction pattern of the sample, together with literature 
   data by Rashid [99]. From the analysis, it was found that all of the samples prepared in 
   the present study showed a face-centered orthorhombic (fco) structure  (16 -phasein 
   the phase diagram). Fig. 2.3.50 shows the lattice parameters at room temperatureof 
   the niobium hydride  131\lbHx as a function of the hydrogen content CH [H/Nb], 
   together with literature data by Sakamoto [100], Amoto [96], Rashid [99], and Baden 
 [101]. The present results are in good agreement with the  literature. It is found from 
   this figure that the lattice parameters linearly increase with increasing the hydrogen 
   content, according to the following empirical relationship: 
      a[nm] =  0.4748  +9.864  x10-3  xCH(H/Nb) (2-3-47) 
      b[nm]  =  0.4754  +1.554  x10-2 xCH(H/Nb) (2-3-48) 
      c[nm] =  0.3307  +1.584  x10-2 x  CH  (H/Nb) (2-3-49) 
 f3NbHx (Rashid) 
       6 
                         .,c d... . 
 NbH072 
         30 40 50 60 70 80 90 100 110 120 
                     Diffraction Angle,  29 [degree] 
     Fig. 2.3.49. X-ray diffraction patterns of niobium hydride, together with literature data 
                               [99]. 
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Fig. 2.3.50. Lattice parameters at room temperature of niobium hydride as a function of 
          hydrogen content, together with literature data [96,  99-101].
Fig. 2.3.51. Crystal orientation map of niobium hydride  NbH080.
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   It was also found that the densities of the hydrides determined from weight and 
dimensional measurements were approximately equal to the theoretical density, which 
was estimated from the lattice parameter. Therefore it is considered that there exist 
scarce voids in the sample. Micro cracks or voids were not found on the surface and 
inside of the samples from the confocal scanning laser microscope observation. From 
the EBSP measurements as shown in Fig. 2.3.51, the grain sizes of the samples are found 
to be around 25  pm  . Apparent crystalline orientation in the samples was not confirmed 
from the many time EBSP measurements. It is considered that the prepared samples 
are isotropic polycrystalline materials. 
(e) Mechanical Properties of Niobium Hydride 
   Fig. 2.3.52 shows the longitudinal and shear sound velocities at room temperature of 
the niobium hydride  BNbHx as a function of hydrogen content CH [H/Nb]. It is found 
from this figure that the longitudinal and shear sound velocities of the niobium hydrides 
are higher than those of the pure niobium and linearly increase with increasing the 
hydrogen content as empirically expressed as follows; 
 VL  [m/s]  =  4679  +1407 x CH(H/Nb) (2-3-50) 
 Vs  [m/s] = 924 + 2204 x CH(H/Nb) (2-3-51) 
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 Fig. 2.3.52. Sound velocities at room temperature of niobium hydride as a function of 
    hydrogen content; (a) Longitudinal sound velocity, (b) Shear sound velocity. 
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Using these results, several elastic moduli can be evaluated. Fig. 2.3.53 shows the 
Young's modulus and shear modulus at room temperature of the niobium hydride 
 13NbHx as a function of hydrogen content CH [H/Nb]. These elatic moduli of the 
niobium hydride are larger than that of the pure niobium, and increase with increasing 
the hydrogen  content The dependences of hydrogen content on these moduli are 
described as following empirical equations: 
 E[GPa] = -25.5 + 220 x CH(H/Nb) (2-3-52) 
 G[GPa]  =  -15.0  +  87.9  x  CH  (H/Nb) (2-3-53) 
Serdobintsev et al. investigated the dynamic elastic properties of the niobium hydrides 
by the kHz frequency acoustic spectroscopy [102]. It can be confirmed from their 
results that higher hydrogen content of the niobium hydride around room temperature 
leads to higher dynamic elastic modulus. Therefore, it is considered from the present 
study and the literature that the hydrogen addition in the niobium hydride enhances the 
mechanical properties. On the contrary, the bulk modulus of the niobium hydride is 
about 184 GPa, which is also higher than that of the pure niobium (171 GPa), but almost 
independent of the hydrogen content. 
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 Fig. 2.3.53. Elastic moduli at room temperature of niobium hydride as a function of 
          hydrogen content; (a) Youngs' modulus, (b) Shear modulus. 
   Fig. 2.3.54 shows the Poison's ratio at room temperature of the niobium hydride 
 131\lbHx as a function of hydrogen content CH [H/Nb]. The Poison's ratio of the 
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niobium hydride decreases with increasing the hydrogen content and the dependence 
of hydrogen content is described as following equations: 
  6[-]  =  0.519  - 0.195 x  CH(H/Nb) (2-3-54) 
Therefore, it is considered that the hydrogen content in niobium hydride affects the 
anisotropic deformation behaviors such as lateral and shear deformations but not the 
behavior of isotropically elastic deformation. Fig. 2.3.55 shows the Debye temperatures 
at room temperature of the niobium hydride  81\lbHx as a function of hydrogen content 
CH  [H/Nb]. The Debye temperature of the hydride are higher than that of the pure 
niobium and increases with increasing hydrogen content as expressed as follows: 
  Bp [K] =128 + 254 x CH(H/Nb) (2-3-55) 
The mechanism of this increase is same as the increase of the elastic moduli. 
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 Fig. 2.3.54. Possion's ratio at room temperature of niobium hydride as a function of 
                          hydrogen content. 
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Fig. 2.3.55. Debye temperature of niobium hydride as a function of hydrogen content. 
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Fig. 2.3.56. Vickers hardness at room temperature of niobium hydride as a function of 
                         hydrogen content. 
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   Fig. 2.3.56 shows the Vickers hardness at room temperature of the niobium hydride 
 fiNbHx as a function of hydrogen content CH [H/Nb]. The hardness of the hydride is 
also higher than that of the pure niobium and slightly increases with hydrogen addition, 
empirically expressed as follows: 
 Hv[GPa] =  0.896  +  0.574  x  CH(H/Nb) (2-3-56) 
Therefore, the hydrogenation is considered to elastically and plastically harden the 
niobium.
(f) Thermal and Electrical Properties of Niobium Hydride 
   Fig. 2.3.57 shows a part of the results of high-temperature X-ray diffraction analysis of 
niobium hydride at room temperature and at 473 K, together with literature data by 
Rashid [99]. It was confirmed that the  81\lbHx transforms into  a'NbHx above about 
400 K, which agreed with information from the phase diagram [43].
Fig. 2.3.57. X-ray diffraction patterns of a - and  13 -  NbH0.74 together with literature 
            data [99]; (a) at room temperature, (b) at 473 K.
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   Fig. 2.3.58 shows thermal expansion  AL  /  L of the niobium hydride, together with 
literature data by Touloukian [77]. It is considered that the data below about 375 K are 
for the  13NbHx and the data above about 400 K are for the  a'NbHx  . The thermal 
expansion of the  [3NbHx is significantly lower than that of the pure niobium and 
gradually decreases with increasing hydrogen content. Wlosewicz el al. reported the 
temperature dependence of crystallographic properties of niobium hydride below the 
room temperature [103]. It is also found from their study that the lattice volume of 
 [3NbHx almost independent of temperature. However, the reported lattice 
parameters of the orthorhombic crystal had a margin of error. The further experimental 
and theoretical investigations on the crystallographic properties are required. The 
sample significantly expands at the  13  +  a' biphasic temperature region. This 
phenomenon is also found in the literature by Sorokina [104]. The thermal expansion of 
 a'NbHx is slightly lower than that of the pure niobium and appear to be almost 
independent of the hydrogen content.
Fig. 2.3.58. Thermal expansion of niobium hydride, together with literature data [77].
   Fig. 2.3.59 shows the temperature dependence of electrical resistivity of niobium 
hydride, together with literature data by Rossiter [87] and Andrievskii [88]. The electrical 
resistivities of both the  [3NbHx and  a'NbHx show metallic temperature dependence.
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The resistivity of the  131\lbHx is slightly higher than that of the pure niobium. On the 
other hand, the  a'NbHx shows significantly higher electrical resistivity than the pure 
niobium. This difference would be attributed the differences in the electronic structure 
and the carrier scattering due to optical hydrogen vibration between the  rESNbHx and 
 a'NbHx  . Fig. 2.3.60 shows the electrical resistivity of the niobium hydride at 323 K and 
at 423 K as a function of hydrogen content CH [H/Nb]. It is found that the resistiivty 
gradually reduces with increasing the hydrogen content for the both phase. This is 
attributed that the Debye temperature increases with increasing the hydrogen content. 
The literature data by Andrievskii is slightly lower than the present data, which is cased 
by the difference in the hydrogen content.
Fig. 2.3.59. Temperature dependence of electrical resistivity of niobium hydride, 
               together with literature data [87, 88].
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Fig. 2.3.60. Electrical resistivity of niobium hydride as a function of hydrogen content.
   Fig. 2.3.61 shows the temperature dependence of specific heat capacity of 
niobium hydride, together with literature data by Dinsdale [105] and Wlosewicz [99]. 
The heat capacities of the niobium hydrides are higher than that of the pure niobium. 
In addition, the heat capacity of the hydride slightly increases with increasing hydrogen 
content. The heat capacity of the niobium hydride above the transition temperature is 
empirically expressed as follows: 
 Cp  =121.9  xCH  -  58.93  +(7.738  -9.179  xCH)x10-2 xT  (2-3-57) 
 +  (6.641-9.012  x  CH)x 106  x  T-2 
   Fig. 2.3.62 shows the calculated heat capacity of the niobium hydride. The 
calculation procedure is described in Chapter 2.3.1 and the reference data on the 
Einstein temperatures reported by Alefeld [106] and the coefficient of electronic heat 
capacity by  Ohlendorf [107] were adopted. In the niobium-hydrogen system, the 
Einstein frequencies of the hydrogen subset are  BE  =1400 K and twice degenerated, 
BE  =  1900 K. Therefore, the equation (2-3-25) is converted into the following equation; 
 CvH =  (1/  3)  x  3CHR(1400 / T)2 exp (1400 /  T)/[exp(1400 / T)  -1]2                                                             (2-3-58) 
 +  (2 / 3) x  3CHR(1900 / T)2 exp (1900 / T) / [exp (1900 / T)  -1]2 
Additionally, note that the coefficient of electronic heat capacity for  A' phase which 
exists below 130 K is alternatively utilized. The calculated heat capacities are good
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accordance with the experimental results. Above room temperature, the heat 
capacity of the niobium hydride is higher than that of the pure niobium and slightly 
increases with increasing temperature. The calculation indicated that they were 
attributable to the optical phonon due to hydrogen vibration.
Fig. 2.3.61. Temperature dependence of specific heat capacity of niobium hydride, 
                together with literature data [99, 105].
Fig. 2.3.62. Calculated specific heat capacity of niobium hydride.
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   Fig. 2.3.63 shows the temperature dependence of thermal diffusivities of the niobium 
hydride, together with literature data by Touloukian [94]. The present diffusivity of pure 
niobium is slightly higher than the literature. Anomaly in the temperature dependence 
is also detected in the diffusivity of the hydride, which is considered to be due to the 
phase transition from the  13NbHx to  a'NbHx  . The thermal diffusivity of the hydrides at 
the higher temperature range is about a half of the diffusivity of the pure hafnium and 
slightly increases due to hydrogen addition. The thermal diffusivity at the lower 
temperature range drastically decreases with increasing temperature. The lattice 
stability of the  I3NbHX is considered to decrease with increasing temperature, which 
probably influences the conduction behaviors of the thermal carriers. Despite the slight 
dependence on the hydrogen content of the thermal diffusivity for  a'NbHx  , the 
diffusivity of  [3NbHx significantly increases with increasing the hydrogen content.
Fig. 2.3.63. Temperature dependence of thermal diffusivity of niobium hydride, together 
                      with literature data [94].
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Fig. 2.3.64. Temperature dependence of thermal conductivity of niobium hydride.
   The thermal conductivity K was derived from the thermal diffusivity  a  , the heat 
capacity  Cp  , and the density  p  . Fig. 2.3.64 shows the estimated thermal conductivity 
of the niobium hydride, which shows similar temperature dependence of the thermal 
diffusivity. This is because the temperature dependence of the heat capacity of the 
niobium hydride is not so large. Fig. 2.3.65 shows the temperature dependence of 
electron contribution to the thermal conductivity of the niobium hydride, together with 
the results of the pure niobium. The estimation method of these contributions is 
described in Chapter 2.3.1. It is found from this figure that the electron contribution is 
major component of the thermal conductivity. The rest contribution is considered to 
mainly consist of the phonon contribution. Fig. 2.3.66 and Fig. 2.3.67 show the hydrogen 
content dependence of the electron and phonon contributions to the thermal 
conductivity of niobium hydride, respectively. From these figures, the increase of 
thermal conductivity of the  13NbHx  with the hydrogen content is mainly attributed to the 
increase of the phonon contribution. This is considered to be because the Debye 
temperature of the  131\lbHx increases with increasing the hydrogen content. On the 
contrary, the phonon contribution of  a'NbHx is extremely low. The further 
investigations such as the high temperature measurements of the Debye temperature 
are required in order to discuss the result.
 
-  75  -
                            Chapter 2 
Basic Bulk Properties of Metal-Hydrogen Systems
Fig. 2.3.65. Temperature dependence of the electron contribution to thermal 
                conductivity of niobium hydride.
Fig. 2.3.66. Hydrogen content dependence of electron contribution to thermal 
                 conductivity of niobium hydride.
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Fig. 2.3.67. Hydrogen content dependence of phonon contribution to thermal 
                conductivity of niobium hydride.
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2-3-4. Hydrides of Gd-Zr Alloy 
(a) Sample Characterization of Hydrides of Gd-Zr Alloy 
   Analysis on phase and composition of the arc-melted Zr-Gd alloy  (Zr  : Gd =  10  : 1) 
was performed prior to hydrogenation of the alloy using the Scanning Electron 
Microscope (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). The Zr-Gd alloy has 
phase structure that a Zr phase grains surrounded by very thin but nearly continuous 
grain-boundary network of a Gd phase. The a Zr phase contains little of gadolinium, 
and vice versa. This is consistent with information can be obtained from the phase 
diagram of Gd-Zr binary system as shown in Fig. 2.3.68 [108]. Various shapes of bulk 
hydrides of Zr-Gd alloy  (Zr  : Gd =  10  : 1) could be produced, whose hydrogen contents 
 CH were in the range from 1.42 to 1.93 in atomic ratio [H/(Zr+Gd)]. Fig. 2.3.69 shows the 
X-ray diffraction patterns of the hydrides of Zr-Gd alloy  (Zr  : Gd = 10  :  1), together with 
literature data of zirconium and gadolinium hydrides by Beck [109], Riabou [110], and 
Sturdy  [111]. The  SZrHx and  5GdHx phase exist in the samples whose hydrogen 
contents are below 1.53 in atomic ratio [H/(Zr+Gd)]. The  E^ZrHx  ,  EZrHx  , and  8GdHx 
exist in the sample whose hydrogen content is 1.75 in atomic ratio [H/(Zr+Gd)]. The 
 EZrHx and  6GdHX exist in the sample whose hydrogen content is 1.93 in atomic ratio 
 [H/(Zr+Gd)]. 
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            Fig. 2.3.68. Phase diagram of Gd-Zr binary system [108]. 
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Fig. 2.3.69. X-ray diffraction patterns of the hydrides of Zr-Gd alloys  (Zr  : Gd =  10  : 1), 
               together with literature data  [109-111].
   Fig. 2.3.70 and Fig.  2.3.71 show the lattice parameter of  SZrHx and  eZrHx in the 
hydrides of Zr-Gd alloys  (Zr  : Gd =  10  : 1) as a function of hydrogen content  CH, together 
with literature data by Kempter [112], Beck [109], Sidhu [113], Moore [114], Ducastelle 
[115], Cantrell [116], Bowman [117], Yamanaka [9, 13], and Barradough  [118]. In these 
figures, the hydrogen content is estimated on the assumption that stoichiometric
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dihydride of gadolinium is formed in the sample. From the analysis, the lattice 
parameters of the hydrides of Zr-Gd alloys  (Zr  : Gd =  10  :  1) are good accordance with 
those of Zr-H binary hydrides. This implies that amount of dissolved gadolinium in the 
 6ZrNx is vanishingly small if the above-mentioned assumption is appropriate.
Fig. 2.3.70. Lattice parameter of  5ZrHx in the hydride of Zr-Gd alloy  (Zr  : Gd =  10  : 1) as a 
 function of hydrogen content of  5ZrHx , which is calculated on the assumption that 
 stoichiometric dihydride of gadolinium is formed in the sample, together with literature [9, 
 13,  109,  112-117].
   The lattice parameters of  6GdHx in the samples are ranging from 0.5295 to 0.5302 
nm, which almost agrees with the reported value  (0.5301 nm) of stoichiometry dihydride 
of gadolinium by Bonnet [119]. Since the low-angle and small peak were used for the 
lattice parameter evaluation in the case of gadolinium hydride, a concern remains 
about accuracy of the present lattice parameter. Therefore, further discussions, such 
as the effects of hydrogen content and zirconium dissolution in the phase, on the lattice 
parameter are limited. The hydrogen content analysis for each phase is considered to 
be required. It was also found that the densities of the hydrides determined from 
weight and dimensional measurements were approximately equal to the theoretical 
density, which was estimated from the lattice parameter. Therefore it is considered
 -  80  -
                            Chapter 2 
Basic Bulk Properties of Metal-Hydrogen Systems
that there exist scarce voids in the sample. Micro cracks or voids were not found on the 
surface and inside of the samples from the confocal scanning laser microscope 
observation.
Fig. 2.3.71. Lattice parameter of  SZrHx and  EZrHx in the hydride of Zr-Gd alloy  (Zr  : Gd 
=  10  : 1) as a function of hydrogen content, which is calculated on the assumption that 
  stoichiometric dihydride of gadolinium is formed in the sample, together with the 
                    literatures [9, 13,  114, 117, and 118].
   Fig. 2.3.72 shows metallographic appearance of the hydride of Zr-Gd alloy. Silver 
color grain, whose size is several dozens of micro-meter, surrounded by very thin but 
nearly continuous grain-boundary network of dark color phase is observed. The dark 
phase also disperses in the silver grain. Fig. 2.3.73 and Fig. 2.3.74 show the distribution of 
oxygen, zirconium, and gadolinium elements in the hydride of Zr-Gd alloy  (Zr  : Gd =  10  :
1). The several dozens of micro-meter grain mainly contains zirconium; on the other 
hand the surrounded area mainly contains gadolinium. The oxygen content of 
gadolinium hydride area appears to be slightly higher than zirconium hydride area. 
The grain structure was similar to that of the alloy before the hydrogenation.
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Fig. 2.3.72. Metallographic appearance of the hydride of Zr-Gd alloy  (Zr  : Gd  =  10  : 1, 
 H/M=1.93).
Fig. 2.3.73. Distribution of oxygen, zirconium, and gadolinium elements in the hydride of 
                 Zr-Gd alloy  (Zr  : Gd =  10  : 1,  H/M=1.93). 
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Fig. 2.3.74. Distribution of oxygen, zirconium, and gadolinium elements in the hydride of 
                  Zr-Gd alloy  (Zr  : Gd =  10  : 1,  H/M=1.93).
(b) Mechanical Properties of Hydrides of Gd-Zr Alloy 
   From the pulse-echo sound velocity measurement, the elastic moduli of the hydride 
of Zr-Gd alloy  (Zr  : Gd =  10  : 1) were evaluated. Fig. 2.3.75 shows the Young's modulus 
E and shear modulus G of the hydride of Zr-Gd alloy at room temperature, together 
with literature data of Zr-H binary system by Yamanaka [9, 13, 16]. The elastic moduli of 
the hydride of Zr-Gd alloy are larger than those of the Zr-Gd alloy. This trend is similar to 
that of the Zr-H system, but the present elastic moduli are lower than that of the 
zirconium hydride. This would be due to that the gadolinium hydride has lower elastic 
moduli than the zirconium hydride. Fig. 2.3.76 shows the Vickers hardness at room 
temperature of the hydride of Zr-Gd alloy, together with literature data of Zr-H binary 
system by Yamanaka [9, 13, 16]. The Vickers hardness of the hydride of Zr-Gd alloy is 
also higher than that of the Zr-Gd alloy and almost independent of the hydrogen 
content. However, the hardness is lower than that of the zirconium hydride, which is 
probably attributed that the gadolinium hydride has lower hardness than the zirconium 
hydride.
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Fig. 2.3.75. Elastic moduli of the hydride of Zr-Gd alloy (Zr : Gd =  10  : 1), together with 
                    literature data [9, 13, and 16].
Fig. 2.3.76. Vickers hardness of the hydride of Zr-Gd alloy  (Zr  : Gd =  10  :  1), together with 
                     literature data [9, 13, and 16].
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(g) Thermal Properties of Hydrides of Gd-Zr Alloy    
It is considered that the specific heat capacity  Cp of the hydride of Zr-Gd alloy can 
be estimated using following equation: 
 10(mol) x CpZrHx (J/mol/K)  +  1(mol) x cpGdH2(J/mol/K)   C
p [J/g/K] =  (2-3-59)  10(mol) x  Mzr(g/mol)  +1(mol) x MGd(g/mol) 
where M is the atomic mass number. The detailed information of the heat capacity of 
zirconium hydride is available. Yamanaka et al. [12] reported the temperature 
dependence of heat capacity of zirconium hydride at different hydrogen content as 
follows: 
         (..      --pZrHx        [J/mol/K] = 25.02 + 4.746 x CH 
 -0 .103  x  10-3  +  2.008  x  10-2  x  CH)  x  T (2-3-60) 
 -(1.943x105  +6.358x105 xCH)/T2 
The specific heat capacity of the yttrium hydride, which is the congeneric element, was 
alternatively utilized as the heat capacity of the gadolinium hydride in the equation 
 (2-3-59).
Fig. 2.3.77. Temperature dependence of specific heat capacity of the hydride of Zr-Gd 
                       alloy  (Zr  :  Gd  =  10  :  1).
   Fig. 2.3.77 shows the experimental and estimated results of the temperature 
dependence of the specific heat capacity of the hydride of Zr-Gd alloy  (Zr  : Gd =  10  : 1).
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The estimated heat capacity is good accordance with the experimental results. The 
heat capacity of the hydride of Zr-Gd alloy increases with increasing temperature, 
which is considered to be due to the excitation of optical hydrogen vibration mode in 
the hydrides. Fig. 2.3.78 shows the temperature dependence of thermal diffusivities a 
of the hydride of Zr-Gd alloy, together with literature data of zirconium hydrides by 
Yamanaka [12] and Tsuchiya [49, 50]. The thermal diffusivities of the hydrides decrease 
with increasing temperature. The diffusivity of the hydride that has lower hydrogen 
content is higher than that of  6ZrHx with similar hydrogen content. On the contrary, 
the diffusivity of the hydride that has higher hydrogen content is almost same as 
reported data of  EZrHx with similar hydrogen content.
Fig. 2.3.78. Temperature dependence of thermal diffusivity of the hydride of Zr-Gd alloy 
 (Zr  : Gd =  10  : 1), together with literature data [12, 49, and 50]. 
   The thermal conductivity K was derived from the thermal diffusivity  a  , the heat 
capacity  Cp  , and the density  p  . Fig. 2.3.79 shows the estimated thermal conductiviy 
of the hydride of Zr-Gd alloy. Contrary to the diffusivities, the thermal conductivities of 
the hydrides are almost independent of temperature. It is found that the hydrogen 
addition enhances the thermal conductivity of the hydride of Zr-Gd alloy. The 
conductivity of the hydride that has lower hydrogen content is higher than those of
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 (5ZrHx  . On the contrary, the conductivity of the hydride that has higher hydrogen 
content is slightly lower than the conductivity of  EZrHx  . Therefore, since the thermal 
conductivity would reduce due to scattering of thermal carriers by the phase boundary, 
it is considered that the precipitant of gadolinium hydride has comparable thermal 
conductivity to the  EZrHx  . The experimental investigations on the thermophysical 
properties of gadolinium hydride are required. 
   In the present section, the thermophysical properties of the hydrides of Zr-Gd alloy 
were reviewed from parts of achievements in the task  "Research and development of 
innovative fast reactor core with use of hydride as neutron absorbers" [120].
Fig. 2.3.79. Temperature dependence of thermal diffusivity of the hydride of Zr-Gd alloy 
 (Zr  : Gd =  10  : 1), together with literature data [12, 49, and 50].
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2-3-5. Correlations between Several Properties of Metal Hydrides 
   Fig. 2.3.80 shows the relationship between the bulk modulus B and the 
nearest-neighbor separation d of the metal hydrides, together with literature data by 
Setoyama [21], Yamanaka [9], Beatties [69], Kittel [85], Tosi [121], and Cohen [122]. 
Cohen demonstrated that the nearest-neighbor separation for several compounds 
related to the bulk modulus as expressed as follows; 
   B[GPa] =  (1971-  220.1)x  (10d)-3.5 (2-3-61) 
   This equation indicates that smaller interatomic distance results in larger elastic 
moduli of the materials. It is found from the literature [122] that this expression was 
appropriated for  group-IV  (2=0),  III-V  (2=1) and  11-V1  ( =2) materials in the diamond 
and zinc-blende structure in the center of the Periodic Table. The larger value of 
indicates the decrease of the covalency of the material with the increase of the ionicity 
of them.  2=6.5 is adopted in the case of completely ionic materials like  1-VII rocksalt 
compounds. It is found from Fig. 2.3.80 that the bulk modulus B of the transition metal 
hydrides also relates to the nearest-neighbor separation d. The relationship is 
empirically expressed as follows; 
  BEG Pa] = 1480 x  (10d)-3.5 (2-3-62)
Fig. 2.3.80. Relationship between bulk modulus B and nearest-neighbor separation d 
   of the metal hydrides, together with literature data [9, 21, 69, 85, 121, and 122]. 
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In the case of the metal hydrides,  .1 =2.2 is applicable in the equation (2-3-62). 
Therefore, it is considered that the covalency of the transition metal hydrides is smaller 
than the materials in the diamond and zinc-blende structure and much larger than the 
ionic materials. 
 It is also considered that the changes in the mechanical properties of these hydrides 
are related to those in the density and the bond-length which are determined by the 
lattice parameters. Fig.  2.3.81 shows the relationship between the changing rate for 
the elastic moduli and for the lattice parameter  da  /  dCH of the fluorite-structured 
metal hydrides [9, 13, 16, and  21].
Fig. 2.3.81. Relation between changing rates of elastic moduli and changing rates of 
 lattice parameters da/dCH of fluorite-structured metal hydrides, together with 
                   literature data [9, 13, 16, and  21].
   It is found that the degree of lattice expansion of the hydrides appear to affect  that 
of their  Young's modulus reductions whereas the lattice shrinking of the yttrium hydride 
enhances its  Young's modulus. Similar behavior is also observed in the relationship 
between the changing rate for the shear modulus  dG  /  dCH and for the lattice 
parameter  da  /  dCH of the hydrides. On the contrary, the bulk moduli of the hydrides 
almost unchanged by the hydrogen content because the change in the absolute value 
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of lattice parameters by hydrogen addition are 5 %/(H/M) at the highest. 
   It is important to remember that the mechanical properties of the 
non-stoichiometric hydrides are also affected by variations in the binding state involved 
with the change in the amount of hydrogen and the lattice volume. Actually, the 
Young's and shear moduli of the niobium hydride increase with increasing the hydrogen 
content although the lattice parameters of the hydride increase due to hydrogen 
addition. Generally, super hard materials such as beryllium and diamond have very 
small values of the Poisson's ratio; soft materials have large values of the Poisson's ratio. 
When the Cauthy relation is valid and also the elasticity of crystal is isotropic, the 
Poisson's ratio equals to 0.25. Therefore, it is considered that the Poisson's ratio relies 
heavily on the mechanical stability of crystal and characteristics of binding state in the 
crystal structure. Fig. 2.3.82 shows hydrogen content dependence of the Poisson's ratio 
of the fluorite type structured hydrides.
       Fig. 2.3.82. Hydrogen content dependence of Poisson's ratio of the 
fluorite-structured metal hydrides, together with literature data [9, 13, 16, and  21].
   The Poisson's ratio of the hydride that has the comparatively small changing rate of 
the Young's modulus with hydrogen content is found to be almost independent of the 
hydrogen content. On the contrary, for the hydride whose Young's modulus drastically 
reduces by hydrogen addition, the Poisson's ratio is also drastically changed with the
 -90-
                                                          Chapter 2 
                               Basic Bulk Properties of Metal-Hydrogen Systems 
hydrogen content. In addition, comparatively high Poisson's ratios of the pure metals 
appear to correspond to the comparatively high Poisson's ratios of the metal hydride , 
and vice versa. 
   Fig. 2.3.83 shows the relationship  between the changing rates of the Young's 
modulus and changing rates of the Poisson's ratio of the metal hydrides. In this figure, 
the data of niobium hydride is also plotted in order to declare the importance of 
Poisson's ratio. As described in the section 2-3-3, the elastic moduli of niobium hydride 
increase with increasing the hydrogen content although its lattice spreads by hydrogen 
addition. It is found from this figure that the changing rate of the Young's modulus with 
the hydrogen content is also related to that of the Poisson's ratio. Therefore , the 
mechanical stability and/or characteristics of binding state of metal hydrides are 
considered to be also changed with the hydrogen content. This is important to give a 
more detailed explanation about the drastic changes in the Young's and shear moduli 
although the change in the mechanical properties of metal hydrides with the hydrogen 
content is certainly related to the lattice volume change. For further discussion, the 
electronic structure calculations for the metal-hydrogen systems are necessary, which 
are described in Chapter 3.
Fig. 2.3.83. Relationship between changing rates of Young's modulus dE/dCH and 
changing rates of Poisson's ratio dap /dCH of the metal hydrides, together with 
                 literature data [9, 13, 16, and  21].
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   The hardness  ( Hv )/Young's modulus  (  E  ) ratio is known to be a factor to categorize 
plastic or elastic materials [123]. For example, the  Hv  /E for carbide or oxide ceramics 
was reported as about 0.05, and that for bcc, fcc and hcp metal is 0.006, 0.003, 0.004, 
respectively. Fig. 2.3.84 shows the relation between the Young's modulus and the 
Vickers hardness of the metal hydrides, together with literature data [9, 13, 16, and  21]. 
The  Hv  /  E for the fluorite-type structured hydrides is 0.0215, which is a middle value 
between metal and ceramics. Therefore, it is considerable that deformation 
mechanism of the fluorite-type structured hydrides is unique and different from that of 
the metals or ceramics. The  Hv  /  E for the niobium hydride is 0.00921 and is slightly 
smaller than that of the fluorite-type structured hydrides. This difference is considered 
to come from the differences in the crystal structure and hydrogen content.
Fig. 2.3.84. Relation between Vickers hardness and Young's modulus of the metal 
         hydrides, together with literature data [9, 13, 16, and  21].
2-4. Summary 
   In this chapter, the basic bulk properties of the metal-hydrogen systems, i.e. the 
mechanical properties of metal hydrogen solid solutions and the thermophysical 
properties of metal hydrides, were evaluated.
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   The mechanical properties of single phase hydrogen solid solutions of the yttrium 
and niobium were measured. The elastic moduli of the hydrogen solid solutions 
increased with increasing hydrogen content. The Vickers hardness of the hydrogen 
solid solutions also increased with increasing hydrogen content. Therefore, it was 
considered that the yttrium and niobium were elastically and plastically hardened by 
the effect of hydrogen dissolution. This trend differed from the titanium and zirconium 
hydrogen solid solutions, whose elastic moduli and hardness reduced by hydrogen 
addition. The interstitial hydrogen effect appeared to be independent of crystal 
structures. For further discussion, the electronic structure of the hydrogen solid solutions 
was required to be evaluated. 
   The author succeeded in the production of bulk metal hydrides of yttrium, hafnium, 
niobium, and Zr-Gd alloy, without cracks and voids. The yttrium and niobium hydrides 
had higher elastic moduli and Vickers hardness than the respective pure metals, 
whereas the mechanical properties of the hafnium hydride were lower than those of the 
pure hafnium. Additionally, the mechanical properties of the yttrium and niobium 
hydrides increased with increasing hydrogen content, on the contrary those of the 
hafnium hydride decreased with increasing hydrogen content. The thermal 
conductivity of yttrium hydride was significantly higher than that of pure yttrium 
although the hydrides of hafnium and niobium had almost same or less thermal 
 conductivities than the respective pure metals. Some of the thermophysical properties 
of hydride of Zr-Gd alloy, which was polyphasic material, were similar to that of the 
zirconium hydride. Investigation on the gadolinium hydride was considered to be 
important. It was found from the preset study and the literatures that although yttrium, 
titanium, zirconium, and hafnium were adjacent in the periodic table and their hydrides 
exhibited the same crystal structures, they possessed polymorphic physical properties. 
It was considered that these results were mutually comparable and they revealed the 
characteristic nature of metal hydrides since their crystal structure was same. The 
several important correlations between the basic bulk properties of metal hydrides were 
found from the present and previous tudies. 
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Ab initio Study of Metal-Hydrogen Systems 
3-1. Introduction 
  The band structure of the rare earth and transition metal hydrides, especially the 
stoichiometric hydrides, has long been a subject of considerable interest and 
controversy [1-10]. However, the ab initio electronic state calculation that pays 
attention to the effect of the wide-ranging hydrogen content on the physical properties 
of metal-hydrogen system is not so many. In fact, the metal-hydrogen alloys form the 
hydrogen solid solutions and some nonstoichiometric hydrides. Setoyama  [11] and 
Yamanaka [12] reported that the elastic moduli and Vickers hardness of titanium and 
zirconium hydrogen solid solutions decreased with increasing hydrogen content. 
Contrary to these cases, the Chapter 2 of the present dissertation reveals that the yttrium 
and niobium become elastically and plastically hard due to the interstitial hydrogen. 
Wriedt [13] revealed that the solute hydrogen enhanced the Young's moduli of the VA 
transition metal hydrogen solid solutions. These trends are summarized in Table 3.1. 
The electronic structure calculations are necessary in order to evaluate the changes in 
the bonding state of the metals due to hydrogenation. 
   There is very scarce information on the thermophysical properties of the metal 
hydrides, except for the titanium and zirconium hydrides [14-15]. Therefore, the study 
by the ab  initio calculation also plays an important role for the investigation the metal 
hydrides. In the present dissertation, it is found that the elastic moduli and Vickers 
hardness of the yttrium hydride are higher than those of the pure yttrium and gradually 
increase with increasing the hydrogen content. Additionally, it is found that the elastic 
moduli and hardness of the hafnium hydride significantly reduce with increasing the 
hydrogen content. Setoyama et al. [14] clarified that the elastic moduli and the 
Vickers hardness of titanium hydride was smaller than that of pure titanium and 
drastically decreased with increasing hydrogen content. Yamanaka et al. showed 
that the zirconium hydride had larger elastic moduli and hardness than the pure metal, 
and those of the hydride decreased with increasing hydrogen content [15]. Thus, it is 
found from the present study and the literatures that the metal hydrides possess 
polymorphic physical properties. 
   From such viewpoint, he ab initio electronic structure calculations were executed in 
order to elucidate the origin of the physical properties of the metal hydrogen solid 
solutions and hydrides with different hydrogen contents. 
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 Table 3.1. Hydrogen content dependence of Young's modulus of the transition metal 
                        hydrogen solid solutions. 
 E  =  Eo  +  kiCH  +  k2(T  -273) 
 E  0 k1 k2            M
aterial 
                       [GPa]  [GPa/(H/M)]  [10-2xGPa/K1  
      a-Y(H) (Chapter 2) 65.0 32.7  -
       a-Ti(H) (Setoyama) 122.2 -147.3 -6.81
 a-Zr(H) (Yamanaka) 97.1 -225.3 -6.04 
 a-V(H) (Wriedt) 126 61  - 
      a-Nb(H)  (Chapter  2) 101.4 83.1  -
       a-Ta(H) (Wriedt) 188 14 
3-2. Calculation 
3-2-1. Calculation Codes 
   The total energy calculations were performed using the Cambridge Serial Total 
Energy Package  (CASTEP), which is a pseudopotential plane-wave code based on the 
density functional theory (DFT) originally developed in the Theory of Condensed Matter 
Group at Cambridge University [16]. The molecular orbital (MO) calculations were 
performed using the Discrete Variational (DV) - Xa method, based on the 
 Hartree-Fock-Slater one-electron theory in order to estimate the electronic structure. 
The DV- Xa method is a non-relativistic first principles method using Slater's  Xa 
potential as the exchange-correlation term. The molecular orbitals are constructed by 
a linear combination of numerically generated atomic orbitals  (LOAD). The details of 
the DV-Xa method have been discussed at length in literatures [17-19]. 
3-2-2. Elastic Constants 
   Elastic constant calculations were carried out on the CASTEP-code. The elastic 
constants of a material describe its response to an applied stress or, conversely, the 
stress required to maintain a given deformation. To calculate the elastic constant, the 
strain applied to the crystal and then the stress of the system was calculated. Both 
stress and strain have three tensile and three shear components, giving six components 
in total. The linear elastic constants form a  6x6 symmetric matrix  Cij (i,  j = 1 - 6). The 
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stress-strain elation was expressed using the following equation: 
 (3)  =  Cijej (3-1) 
where the  ai is the stress inmatrix and the  ei is the strain in matrix  (i,  j=1...6=xx, yy, zz, 
yz, zx, xy). Any symmetry present inthe structure may make some of these components 
equal and others may be fixed at zero. For a cubic system there are only three 
independent elastic onstants, namely C11,  C12, and  C44  . For a hexagonal system 
there are five independent elastic onstants, namely C11,  C12,  C13,  C33  , and  C44. 
The stress theory of Nielsen and Martin [20] enables us to calculate the stress tensor cru 
of a given crystal structure from a self-consistent field obtained by DFT. By this theory, 
the equilibrium lattice constant  ao can be linearly interpolated at the pressure  P=0 in 
between different lattice constants, while the bulk modulus is given by 
 B=_ao  dP                                                     (3-2)3  
ala=ao 
for a cubic system. To obtain the independent elastic constants of a cubic system, the 
author applied volume-conserving homogeneous deformations on the equilibrium unit 
cell. The strain tensor  u# of the orthorhombic deformation is denoted by a single strain 
 parameters as 
    Is 0 0\ 
 {uii}.=  0  -e/(1  +5) 0 (3-3) 
    0 0 0I                          I 
And that of the shear deformation by y as 
    [0 y/2  0\ luul=y/2 0 0 (3-4)       0  0  O. 
Under the condition  6,y  « 1. Hooke's law gives 
        )(6   C11 - C12= (cri-cr2E+1_16)1 (3-5) 
 C44 =  0'4  / y (3-6) 
Since the bulk modulus is related to the elastic constants as 
      11  B=kC11+2C12) (3-7) 
Consequently, we can obtain the elastic constants using the bulk modulus from 
equation (3-2) and following equations: 
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             D2     Ci=u+4_1 I -Cu) (3-8) 
             3 
    C12 = °1 tr.—L-12/ (3-9) 
          The calculation results were obtained in the case of single crystal. The elastic 
      moduli for polycrystalline were calculated from the elastic stiffness using the Voigt's 
      approximation  [21]. Voigt's theory assumes that the strain in the polycrystalline 
      aggregate to the external strain is uniform. 
       3-2-3. Thermal Expansion 
         The Helmholtzenergy of a vibrating system comprises the total energy from ab initio 
       electronic total-energy calculations  Etotal  • the free energy of the vibrating lattice,  FD, 
      and the contribution due to the thermal excitations of electrons,  Fel  :
 F(T,V)=  Etotal  (V)  FD  +  Fed  (T, 
                                                           (3-10)=  Etotai  (V)  +  ED  (V,  T)-  T  x  SD  (V,  T)  +  (V,  T)-  T  x  Sei(V,T) 
      According to the Debye model, the ED and SD can be estimated as follows: 
    ED(T,V) = NkB9D +3NkBTD(61) (3-11)J8 
 SD  (T,  V)=3NkB [-4 D(6k1 - - exp( j)] (3-12)       3 T T 
      where  DOD / T) denotes the Debye function that is listed in mathematic ables or 
      calculated by numerical methods. Note that the Debye temperature,  OD is a function 
      of volume in order to introduce anharmonic effects and the  Gruneisen parameter. 
      When the free energy is expressed as function of T and  V  , the equilibrium V(T) and 
      thus linear thermal expansion coefficient (LTEC) can be calculated throughthe 
      minimum of  F(T,V)  , i.e.  am-,v)/av equals to zero. Additionally, other thermodynamic 
      properties, such as heat capacity and entropy, can be calculated oncethe equilibrium 
      volume is determined. In order to include the volume dependence of the Debye 
      temperature, the following relation is used. 
    9D  9D.OK = (V0  / V)YG  (3-13) 
      where  ODA is the Debye temperature corresponding to the equilibrium volume V0 at 
      0 K. The  GrOneisen parameter,  7G  , as well as  9D,0K and  Vo  , can be derived from ab 
      initio calculated total-energy curve, i.e.  Etotal at 0 K. However, the equation (3-13) 
      implies that 
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 In  OD  - In  OD.0K  V
G  =   (3-14)  InV  -  InVo 
which is only an approximation of the definition of the  GrOneisen parameter, 
          aln OD 
 rG (v) —aInV(3-15) 
This approximation is valid in the vicinity of  Vo  . Moruzzi et al. [22] showed that the 
theoretical calculated CLEs agreed well with experiments below 300 K. Note that in 
Moruzzi's cheme, the initial  yG used to evaluate the Debye temperatures was derived 
at the equilibrium volume at 0 K and it was a constant, whereas the resulting Morse-fitted 
values of  yG were increasing with increasing temperatures. This may be a further 
indication that Moruzzi's cheme was not fully self-consistent. Wang et al. [23] realized 
this problem and derived a general expression for the relation between  6013 and volume 
from a mean-field potential. Lu et al. [24] shows that it was possible to derive an 
equivalent  6D  -V relation from the above definition for  yG in a straightforward way, 
and also to incorporate it  into the  Debye-GrOneisen model instead of the equation 
(3-13). 
   There are three well-known approximate ways to calculate the  GrOneisen 
parameter  yG for a monoatomic solid, and they can be combined using the following 
expression: 
   1(1. V                a2 pv(2/3)(2+1) / av2  y(v)—-1)2(3-16) 
       3a pv(2/3)(2+1)av 
where P is pressure. When  A  =  -1, one obtains the Slater approximation [25], which 
considers the material as an elastic medium and assumes the independence of 
Poisson's ratio on volume. When  2  =  0  , it reduces to the expression proposed by 
Dugdale and MacDonald [26], who assumed that in a cubic crystal all the force 
constants have the same volume dependence. When  A,  =1, the expression takes the 
same form as proposed by the free volume theory [27]. In the present study, the Slater 
approximation is adopted. When integrating the equation (3-15) from both sides and 
using the equation (3-16), we obtains 
 aP(V) 2(2+1) P(V)1/ 2  OD(V) = DV2/ 3[(3-17) 
        av 3 V 
where D is the integral constant that is to be determined. Usually the quantity in the 
bracket is positive as it is related to the bulk modulus or the curvature of the total energy 
curve. However, there exists a critical  V  , above which the quantity in the bracket in 
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the equation (3-17) will be negative. Fortunately in the case of normal thermal 
expansion, this critical V will hardly ever be reached. We can thus use the equation 
(3-17) to make the following derivation simple and clear. When  A  = -1, i.e. Slater's 
expression ischosen, the equation (3-17) is transformed to 
         [OPM-11/ 2  OD (V) = DV2/3(3-18)               av 
On the other hand, the Debye temperature is proportional to the Debye sound velocity, 
  OD01/3                                                     (3-19)     (67r-N)    (V)=        kBV 
In the vicinity of the equilibrium volume  Vc,  the corresponding pressure is very small and 
the second term in the equation (3-17) can be neglected considering that the bulk 
modulus usually has a magnitude of hundreds GPa. Thus the equation (3-17) is 
approximately true. This relation indicates that the  0D - V relation is independent of 
the choice of expression for the  GrOneisen parameter  (rG) at small volume expansion. 
At volumes much larger than the  Vo  , the author assumed that the integral constant in 
the equation (3-17) remained unchanged, yielding 
  6b (V) =qv) (62z-20/3v2/3 x[ aP( )ill 2                                                     (3-20)     k
o/m av 
       1 
                  1-1/3
         3/23/2 
                  0±v)   k(v)=[3[[301+ v2- )] +43(1- 20] (3-21) 
where v is the Poisson's ratio. The Poisson's ratio can be obtained from the elastic 
constant calculation. The author could numerically evaluate the 90(V) and therefore 
F(V) using only information from ab initio electronic total-energy calculations at 0 K. 
The effect of hydrogen optical vibration was also estimated in the equations (3-11) and 
(3-12) with using the Einstein function instead of the Debye function. The electronic 
terms are excluded into the present calculation assuming that its effect is negligible 
small. 
3-2-4. Calculation Conditions 
   For the CASTEP total energy calculation, the exchange-correlation potential was 
treated by using functional of  GGA-PW91 (generalized-gradient-corrected local density 
approximation of Perdew and Wang) [28]. The ultra-soft pseudopotential was applied 
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to describe the electron-ion interaction. Each  selfconsistent field calculation of the 
total energy is converged within 5.0 x  10-7 eV. The cutoff energies of the wave 
functions are selected to be 350, 430, 340, and 350 eV for the yttrium, titanium, zirconium, 
and hafnium hydrides, respectively. A k point mesh of  16x16x16 was chosen. The 
elastic constant calculations were performed for the yttrium hydrogen solid solutions 
and the hydrides of yttrium, titanium, zirconium, and hafnium with different hydrogen 
contents. Thermal expansions of the stoichiometric di-hydrides of yttrium, titanium, 
zirconium, and hafnium were evaluated. 
   The  DV-  Xa calculation was executed with 100,000 sample points per atom in the 
 selfconsistent field. The calculations were continued until the difference of the orbital 
population of all the atoms between the initial and final state comes to less than 0.002. 
In order to improve the convergence time, a smearing technique [29, 30] was applied 
with a smearing parameter of 0.05 eV. The electronic structures, such as the density of 
states for electrons, the bond order, and the distribution of the electron density, can be 
calculated from the Milliken analysis  [31]. These electronic structures of the yttrium, 
titanium, zirconium, hafnium, and niobium hydrogen solid solutions with different 
 hydrogen contents were evaluated. These electronic structure calculations were also 
 performed for the yttrium, titanium, zirconium, and hafnium hydrides with different 
 hydrogen contents. 
3-3. Results and Discussion 
 3-3-1. Mechanical Properties of Metal Hydrogen Solid Solutions 
    Rare-earth metals including the yttrium have large terminal solid  solubility of 
 hydrogen even at room temperature. Therefore, the author can make a super-cell 
 model for the ab initio total energy calculation of the yttrium hydrogen solid solution with 
 a reasonable size, as shown in Fig. 3.1. With use of these super-cell models, the elastic 
 constant calculations were carried out. Table 3.2 shows the calculation results of the 
 elastic stiffness constant  Cq for pure yttrium with the reference data for single crystal 
 yttrium by Smith [32]. The calculated values give close agreement with the 
 experimental literature data, and therefore the discussion on hydrogen effects could be 
 meaningful. Fig. 3.2 shows the calculated Young's modulus and shear modulus of 
 yttrium hydrogen solid solution, together with experimental results obtained in Chapter 2. 
 These calculated elastic moduli are in good accordance with the experimental results. 
 It is also found from the ab initio calculation that the elastic moduli of yttrium increases 
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by interstitial hydrogen in the metallic lattice.
Fig. 3.1. Super-cell models of yttrium hydrogen solid solutions for CASTEP calculation; (a) 
                        Y8H0 and (b) Y8H2.
Table 3.2. The calculated elastic constant of pure yttrium, together with literature data
 [32].
Elastic stiffness Calculation Literature
C11 [GPa] 
C12 [GPa] 
C13 [GPa] 
C33 [GPa] 
C44 [GPa]
73.3 
19.5 
18.6 
72.2 
23.5
77.9 
28.5 
21.0 
76.9 
24.3
   In order to discuss the difference in the hydrogen effects on mechanical properties 
between the transition metals, the molecular orbital calculations were performed. The 
binding states, such as density of state, electron density distribution, and bond order, of
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several transition metal hydrogen solid solutions were evaluated. Fig. 3.3 and Fig. 3.4 
show cluster models of metal hydrogen solid solutions used in the present study. These 
calculations applied to the yttrium, titanium, zirconium, and niobium hydrogen solid 
solutions; the results were comparable under the same condition in order to discuss the 
effect of solute hydrogen. The lattice parameters of the metal hydrogen solid solutions 
are tabulated in Table 3.3. Wriedt [13] reported that the Young's moduli of VA 
transition metal hydrogen solid solutions increased with increasing hydrogen content. 
Therefore, the models of pure vanadium and tantalum were also calculated for 
comparison of the hydrogen effect between the different transition metals, which will 
hereinafter be described in detail. The author confirmed that the slight change of the 
lattice parameters due to introduction of hydrogen into lattice had no discernible 
impact on the result of binding state. 
                                                     •:                             • 
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  Fig. 3.2. Calculated Young's modulus and shear modulus of yttrium hydrogen solid 
                 solution, together with experimental results. 
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Fig. 3.3. Cluster models of metal hydrogen solid solutions for DV-Xa calculation; (a) 
 M36  , (b)  M36H1, (c)  M36H2  , (d)  M36H3  , and (e)  M36H4  , where M = Y, Ti, and Zr.
Fig. 3.4. Cluster models of niobium hydrogen solid solutions for DV-Xa calculation; (a) 
 Nb36  , (b)  Nb36H1, (c)  Nb36H2  , (d)  Nb36H3  , and (e)  Nb36H4.
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Table 3.3. Lattice parameters of the metal hydrogen solid solutions for the DV -Xa
clusters.
Material a [nm] c  [nm]
a - Y(H) 0.3648 0.5732
 a  -  Ti(H)  0.2951 0.4684
 a  -  Zr(H) 0.3230  0.5150
 a  -  V 0.3028
a - Nb(H) 0.3304
 a  -  To 0.3297
   Fig. 3.5 shows total electron density of states of the yttrium hydrogen solid solutions 
with different hydrogen contents. The zero of the energy scale corresponds to the 
Fermi level. The units are states/eV/unit-cell. Due to interstitial hydrogen, the electrons 
in the vicinity of the Fermi energy of yttrium gradually reduce and the peak at about 6 
eV below the Fermi energy simultaneously appears.
Fig. 3.5. Total density of states of yttrium hydrogen solid solutions with different hydrogen 
      contents. The zero of the energy scale corresponds to the Fermi level.
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Fig. 3.6 (a)-(d) show partial density of states of valence electrons of the yttrium hydrogen 
solid solutions with different hydrogen contents. For the Y 4d and 5s electrons, the state 
near the Fermi energy decreases with hydrogen addition, and the new peak at about 6 
eV below the Fermi energy appears simultaneously. The appearance of density of 
states for H  1  s around 6 eV below the Fermi energy induces these shifts of electron 
energy. This result indicates that the metal-metal covalent bonding, which has 
important role in characteristics of the transition metals, reduce by hydrogen addition 
and the metal-hydrogen bonding is simultaneously created.
Fig. 3.6. Partial density of states of yttrium hydrogen solid solutions with different 
      hydrogen contents; (a) Y 4d, (b) Y 5s, (c) Y 5p, and (d) H  1  s.
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   Fig. 3.7, Fig. 3.8, and Fig. 3.9 show the electron density of state of titanium, zirconium, 
and niobium hydrogen solid solutions with different hydrogen contents. It is found from 
these figures that a new hydrogen-related band appears at about 5 eV for the titanium 
hydrogen solid solution and at about 7 eV for the zirconium and niobium hydrogen solid 
solutions. As discussed above, the changes of electronic states due to hydrogen 
addition indicates the creation of metal-hydrogen bonding.
Fig. 3.7. Electron density of state of titanium hydrogen solid solutions with different 
                        hydrogen contents.
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Fig. 3.8. Electron density of state of zirconium hydrogen solid solutions with different 
                         hydrogen contents.
Fig. 3.9. Electron density of state of niobium hydrogen solid solutions with different 
                       hydrogen contents.
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   Fig.  3.10  - Fig. 3.14 show the distribution of charge density around a hydrogen atom 
in the clusters for yttrium, titanium, zirconium, niobium hydrogen solid solutions, 
respectively. The scale of the color counter map is fixed for all the results. The yttrium 
atoms are loosely bonded each other before the hydrogen addition, therefore the 
reduction of Y-Y bonding is smaller matter than the effect of Y-H-Y bonding creation. 
On the contrary, it is considered that titanium and zirconium are softened with the result 
of the weakening of metallic bond by hydrogen addition. Therefore, it is considered 
that the strength of original bonding of the metals determines whether the solute 
hydrogen induces softening or hardening for the hcp metals. For the niobium 
hydrogen solid solution, it is also found from this figure that Nb-Nb bond population 
slightly decreases along with the creation of the Nb-H bonds due to the hydrogen 
addition. Therefore, it is considered that the solute hydrogen plays a role for the 
Nb-H-Nb bonding and consequently increases the elastic moduli and the hardness in 
the case of niobium.
Fig. 3.10. Distribution of charge density for  (  2023) plane of  Y36.
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Fig. 3.11. Distribution of charge density for  (  2023) plane of  Y36H3  .
Fig. 3.12. Distribution of charge density for  (  2023) plane of  Zr36H3  .
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Fig. 3.13. Distribution of charge density for  (  2023) plane of  Ti36H3.
Fig. 3.14. Distribution of charge density for (100) plane of Nb36H3.
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   The authors focused on the difference on the values of bond orders in unit-cell 
between the yttrium, titanium, zirconium and niobium hydrogen solid solutions. The 
bond order is the population of electrons participating in the covalent bonding [30], 
which has adopted in order to give the qualitative interpretation for the elastic and 
plastic characteristics [33-36]. The value in the unit-cell was adopted in order to avoid 
the difference in the number of nearest neighbor atoms between the hcp and bcc . 
Fig. 3.15 shows bond orders in unit-cell for the M hydrogen solid solutions as a function of 
hydrogen content. The decreasing rates of metal-metal bond orders for yttrium, 
titanium, zirconium, and niobium are almost same as well as increasing rates of M-H 
bond orders. The difference between the metals is absolute values of metal-metal 
bond orders in unit-cell. Fig. 3.16 shows the relation between the metal-metal bond 
order in unit-cell and the changing rate of Young's modulus with hydrogen content of 
the metal hydrogen solid solutions. The changing rates were obtained from the 
Chapter 2 in the present dissertation and literatures by Setoyama  [11], Yamanaka [12], 
and Wriedt [13]. It is found from this figure that the changing rate of Young's modulus 
decreases with increasing the bond order in unit-cell. It is considered that the change 
of mechanical properties due to hydrogen is correlated to the original covalency of the 
metals.
Fig. 3.15. Bond orders in unit-cell for the M hydrogen solid solutions as a function of 
              hydrogen content, where M = Y, Ti, Zr, and Nb.
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Fig. 3.16. Relation between the metal-metal bond order in unit-cell and the changing 
rate of Young's modulus with hydrogen content of M hydrogen solid solutions, where M 
        = Y, Ti, Zr,  V, Nb, and Ta  [11-13]. The line is empirical linear fitting.
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3-3-2. Thermophysical Properties of Metal Hydrides 
   The density of states and the bond order were calculated by the  DV-  Xa method in 
order to clarify mechanism on the creation of bonding. Fig. 3.17 shows the cluster 
models and Table 3.4 shows the input lattice parameters for the calculation. This 
calculation applied to yttrium, titanium, zirconium, and hafnium hydrides. These results 
are considered to be comparable under the same condition in order to discuss the 
effect of hydrogen.
Fig. 3.17. Cluster models of metal hydrides for  DV-  Xa calculation; (a)  M19H16, (b) 
 M19H24  , (c)  M19H26  , (d)  M19H30, and (e)  M19H32  , where M = Y, Ti, Zr, and Hf.
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Table 3.4. Lattice parameters of the clusters for the DV - Xa calculation.
Cluster 
Model
CH [H/M]
 (SYHx
Lattice Parameters, a [nm] 
 6TiHx  SZrHx  51-IfHx
 M19H16 
 M19H24 
 M19H26 
 M19H30 
 M19H32
 1.0 
 1.5 
1.6 
 1.8 
2.0
0.5211 
 0.5210 
0.5209
0.4465 
0.4465
0.4465
0.4750 
0.4770
0.4790
0.4687 
 0.4715
0.4743
   Fig. 3.18 shows the electron density of state around the valence band of yttrium 
hydrides with different hydrogen contents. The zero of the energy scale corresponds to 
the Fermi level. The peak at vicinity of Fermi energy of yttrium hydride is smaller than 
that of the metal and the new peak at about 6 eV below the Fermi energy appears in 
the density of state for yttrium hydride.
Fig. 3.18. Electron density of state of yttrium hydrides with different hydrogen contents. 
          The zero of the energy scale corresponds to the Fermi level.
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   Fig. 3.19 shows partial density of states of the valence electrons of yttrium hydrides 
with different hydrogen contents. Along with the appearance of  I  s peak of hydrogen 
at about 6 eV below the Fermi energy, Y 4d, 5s and 5p electrons near the Fermi energy 
decrease by hydrogenation and shift to around 6 eV below the Fermi energy. This 
indicates that the electrons of yttrium and hydrogen interact with each other and then 
the bonding between yttrium and hydrogen is created.
Fig. 3.19. Partial density of states of yttrium hydrides with different hydrogen contents; (a) 
                  Y 4d, (b) Y 5s,  (c) Y 5p, and (d) H  I  s.
   Fig. 3.20-22 show the electron density of state of titanium, zirconium, and hafnium 
hydrides with different hydrogen contents. A new hydrogen-related band appears at
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about 5  - 7 eV just below the d band in the hydrides. It is considered that there is 
common mechanism for the change in the density of states between the metal 
hydrides and hydrogen solid solutions.
Fig. 3.20. Electron density of state of titanium hydrides with different hydrogen contents.
Fig. 3.21. Electron density of state of zirconium hydrides with different hydrogen contents.
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Fig. 3.22. Electron density of state of hafnium hydrides with different hydrogen contents .
   Fig. 3.23(a)-(d) show the bond orders of hydrides of yttrium, titanium, zirconium, and 
hafnium, respectively. In the case of yttrium hydride, Y-Y bond order is smaller than that 
of the metal and slightly depends on the hydrogen content. The Y-H bond order is 
almost independent of hydrogen content. Contrary to the case, the M-M bond orders 
of titanium, zirconium, and hafnium hydrides decrease with hydrogen addition. 
Therefore, it is assumed that the reduction of M-M bond leads to the decrease of elastic 
moduli and Vickers hardness for the zirconium and titanium hydrides with an increase of 
hydrogen content, and the increase in number of Y-H bond hardens the yttrium.
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 Fig. 3.23. Bond orders of metal hydrides; (a) Yttrium hydride, (b) Titanium hydride, (c) 
                Zirconium hydride, and (d) Hafnium hydride. 
   From the DV-  Xa calculations, the change in the mechanical properties of the 
metal hydride with hydrogen content can be qualitatively accounted . However, the 
metal-metal bond order of the yttrium hydride is quite lower than that of the pure yttrium 
whereas the elastic moduli and hardness of the yttrium hydride is higher than that of the 
pure yttrium. In the case, it is considered that the M-H-M bonding contributes to their 
mechanical properties. Therefore, the estimation of the absolute value of the 
mechanical properties by the bond order is difficult. Therefore, the total energy 
calculations were performed for the estimations of the thermophysical properties of the 
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metal hydrides. Fig. 3.24 shows the super-cell models of metal hydrides for CASTEP 
calculation. The hydrogen inserted sites in the fluorite-type structure were chosen from 
the energy minimization approach.
Fig. 3.24. Super-cell models of metal hydrides for CASTEP calculation; (a)  6MH1.5 (b) 
 6MH1.75  ,  (c)  6MH1.875, and (d)  6MH2.0  , where M  = Y, Ti, Zr, and Hf.
   Fig. 3.25 shows the volume dependence of total energy and pressure of yttrium 
hydride. From this kind of results, one can obtain the equilibrium lattice parameter at 
absolute zero temperature by the energy minimization principle.
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Fig. 3.25. Volume dependence of total energy and pressure of yttrium hydride. The 
                     lines are polynomial fittings.
   Fig. 3.26(a)-(d) show calculated lattice parameters of the hydrides of yttrium, 
titanium, zirconium, and hafnium, respectively. Experimental and literature data are 
also shown in this figure [14, 15, and 37-52]. The differences between the present 
calculation results and the experimental results are within a percent. The calculation 
results show very similar trends of the hydrogen content dependences of the lattice 
parameters. 
   Table 3.5-3.8 shows the calculation results of stiffness constants of the yttrium, 
titanium, zirconium, and hafnium hydrides. The stiffness constants C44 of titanium, 
zirconium, and hafnium hydrides significantly decrease with increasing the hydrogen 
content, whereas the constant of the yttrium hydride slightly increases with the 
hydrogen content.
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Fig. 3.26. Calculated lattice parameters of metal hydrides, together with experimental 
data obtained from the present study and literatures [37-52]; (a) Yttrium hydride, (b) 
       Titanium hydride, (c) Zirconium hydride, and (d) Hafnium hydride.
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           Table 3.5. The calculated elastic constant of yttrium hydride. 
          Elastic Calculation 
              Stiffness  45YHI.75  6YH1875  6YH2.00 
           C11 [GPa] 111
.4 111.7 116.2 
         C12 [GPa] 48.7 50.4 55.3 
         C44  [GPa] 59.5 66.1 75.9
          Table 3.6. The calculated elastic constant of titanium hydride. 
          Elastic Calculation 
               Stiffness  6TiH1.50  6TiH175  6111-12.00 
 C11  [GPa] 159
.7 145.1 139.6 
          C12 [GPa] 128.6 122.6 114.0 
         C44 [GPa] 75.4 36.9 10.5 
          Table 3.7. The calculated elastic constant of zirconium hydride. 
          Elastic Calculation 
               Stiffness  6ZrH1.50  6Zr1-11.75  6ZrH  zoo 
 C11  [GPa] 169
.0 170.0 180.3 
 C12  [GPa] 117.3 120.0 115.0 
         C44 [GPa] 64.5 40.7 6.43 
          Table 3.8. The calculated elastic constant of hafnium hydride. 
          Elastic Calculation 
                Stiffness  61-IfF11.50  61-IfH1.75  6HfH2.00 
 C11  [GPa] 181
.8 172.0 162.2 
          C12  [GPa] 154.5 146.2 138.0 
         C44 [GPa] 83.0 44.8 6.73
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   Fig. 3.27-30 show the calculated elastic moduli of yttrium, titanium, zirconium, and 
hafnium hydride, respectively. The experimental data of the hydrides obtained from 
the Chapter 2 in the present dissertation and literature by Setoyama [14] and 
Yamanaka [15] are also plotted in the figures.
Fig. 3.27. Calculated elastic moduli of yttrium hydride, together with the present 
                       experimental results.
   All the calculated bulk moduli of the hydrides are good accordance with the 
experimental data. The calculated Young's and shear moduli of the yttrium and 
hafnium hydrides are in excellent agreement with the experimental data . The 
calculation results of the Young's and shear moduli of the titanium and zirconium 
hydrides at lower hydrogen content are also good accordance with the experimental 
data whereas the calculated results for the higher hydrogen content somewhat differ 
from the experimental data. It is also found from the ab initio calculation that the 
elastic moduli of the yttrium hydride increase with increasing the hydrogen content , 
whereas those of the titanium, zirconium, and hafnium hydrides reduce due to 
hydrogen addition.
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Fig. 3.28. Calculated elastic moduli of titanium hydride, together with experimental data 
                      obtained from literature [14].
Fig. 3.29. Calculated elastic moduli of zirconium hydride, together with experimental 
                 data obtained from literature  [15].
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Fig. 3.30. Calculated elastic moduli of hafnium hydride, together with the present 
                        experimental results.
   The Young's modulus of each direction for cubic crystal can be calculated using 
elastic compliance coefficient  Sq which is obtained by CASTEP calculation by the 
following equation: 
   1 1 e , 2i 2 21 2 21 2 )   -  =  S11 -2(Si - S12 --oAA j(i j II ik ik (3-22) 
 Eijk 2 '- 
The elastic compliance coefficients of the cubic crystal can be related with the elastic 
stiffness constant as follows: 
  Sii+ 512C
I I  = (3-23)  (S11 -512)(Sii  +2512 
        -S12  
C12 =(3-24) 
       k511 - Si2)(Sii+ 2S12) 
       1 C44 = (3-25) 
   Fig. 3.31 shows the crystal direction dependences of Young's modulus of the yttrium, 
titanium, zirconium, and hafnium hydrides. For comparison, the results of the pure 
metals with hypothetical fcc are also shown in the figures. The average Young's 
modulus reduced to the polycrystalline material of the hypothetical fcc is almost same
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as that of real hcp crystal of the pure metals. The  Young's modulus in the  [111] direction 
has the largest value with subset of exceptions. This is consistent with theories of the 
stability of pure metals for fcc crystal lattices [53-56].
 Fig. 3.31. Crystal direction dependence of Young's modulus of metal hydrides; (a) 
Yttrium hydride, (b) Titanium hydride, (c) Zirconium hydride, and (d) Hafnium hydride.
The direction dependences of the Young's moduli of the yttrium and zirconium hydrides 
are similar to those of their pure metals; the hydrides have higher elastic moduli than the 
pure metals. On the other hand, the direction dependences of the Young's moduli of 
the titanium and hafnium hydrides are quite different from those of their pure metals.
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The elastic moduli in the  [111] direction of the titanium, zirconium, and hafnium hydrides 
drastically decrease with increasing the hydrogen content whereas that of the yttrium 
hydride gradually increases due to hydrogen addition. For the stoichiometric 
di-hydrides of titanium, zirconium, and hafnium, the profile of the direction dependence 
of the Young's modulus turns back, which would be attributed that the 6 phase of 
these hydrides is unstable at the hydrogen content. For this reason, it is considered that 
the IVa transition metal (Ti, Zr, and Hf) hydrides have similar behavior in the mechanical 
properties. 
   Fig. 3.32 shows the volume dependence of the Debye temperature and the 
 GrOneisen parameter of yttrium hydride, together with experimental result obtained in 
Chapter 2. These parameters are estimated with use of the calculation result of the 
total energy, pressure, and the elastic moduli. The calculated Debye temperature of 
the yttrium hydrides are in excellent agreement with the experimental data . The 
Debye temperature decreases with increasing the volume. This is considered to 
correspond to the temperature dependence of the Debye temperature. However, 
since it is known that the temperature dependence of the Debye temperature is 
caused by the dispersion of the lattice waves and by anharmonicity  [57], the Debye 
temperature doesn't necessarily decrease with increasing temperature. The 
calculated  GrOneisen parameter of yttrium hydride slightly increases with increasing the 
volume.  
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Fig. 3.32. Volume dependence of (a) Debye temperature and (b)  GrOneisen parameter 
        of yttrium hydride, together with the present experimental results. 
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   Fig. 3.33-35 show the volume dependence of the Debye temperature and the 
 GrOneisen parameter of the hydrides of titanium, zirconium, and hafnium, respectively. 
The experimental data of the hydrides obtained from the Chapter 2 in the present 
dissertation and literature by Setoyama [14] and Yamanaka [15] are also plotted in the 
figures. The calculated Debye temperature of titanium hydride is slightly higher than 
the experimental data whereas the calculation result of zirconium hydride is slightly 
lower than the experimental result. 
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Fig. 3.33. Volume dependence of (a) Debye temperature and (b)  Gruneisen parameter 
  of titanium hydride, together with experimental data obtained from literature [14]. 
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Fig. 3.35. Volume dependence of (a) Debye temperature and (b)  GrOneisen parameter 
        of hafnium hydride, together with the present experimental results.
   The calculation result for the hafnium hydride is good accordance with the 
experimental result. These trends are corresponding to the elastic constant calculation 
results of the stoichiometric di-hydrides. The  GrOneisen parameters of all the hydrides 
are about  1.8 and slightly increase with increasing the volume.
Fig. 3.36. Volume dependence of Helmholtz free energy of yttrium hydride at 300 and 
                             1000 K.
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   Fig. 3.36 shows the volume dependence of Helmholtz free energy of yttrium hydride 
at 300 and 1000 K. The free energy is found to reduce with increasing temperature 
because of the entropy of vibration. The molar volumes of the hydride at different 
temperatures were determined by the minimization principle of the free energy. In this 
method, since the volume dependences of the Debye temperature and  Grijneisen 
parameter are taken into account, the present method of thermal expansion 
calculation is superior to the classical Debye lattice vibration model and therefore 
better serves the evaluation of the experimental temperature dependence of thermal 
expansion. The characteristic temperature  0 [K] of hydrogen optical vibration in the 
metal hydrides is very different from that of the metallic acoustic vibration. This is well 
known to affect the high-temperature behaviors of the thermophysical properties, 
including heat capacity, of the metal hydrides. In the present study, the author 
attempts to discuss the effect of hydrogen vibration on the thermal expansion of the 
hydrides. In 1964, Sakamoto indicated that the Einstein temperatures of several 
hydrides appeared to decrease with increasing metal-hydrogen distance [54]. The 
author surveyed later literatures of the Einstein temperature of various metal hydrides. 
The Einstein temperatures are plotted against the metal-hydrogen distances in Fig. 3.37.
             Distance between Metal and Hydrogen,  dm_H  [nm] 
Fig. 3.37. Relation between characteristic temperatures of hydrogen optical vibrations 
       and metal-hydrogen distances in various hydride lattices [54-64].
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From this figure, the following linear relation between the Einstein temperature and the 
distance is empirically obtained: 
 BE  =  -9.45  x103  x  dm_H  +  3.50  x  103 (3-26) 
This equation is assumed to be applicable for the case that the metal-hydrogen 
distance changes due to thermal expansion.
 Fig. 3.38. Calculated temperature dependence of molar volume of metal hydrides, 
together with experimental data obtained from the present study and literature [14]; (a) 
 Yttrium hydride, (b) Titanium hydride, (c) Zirconium hydride, and (d) Hafnium hydride. 
   Fig. 3.38(a)-(d) show the calculated temperature dependence of molar volume of 
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the hydrides of yttrium, titanium, zirconium, and hafnium, together with the experimental 
data obtained from the Chapter 2 in the present dissertation and literature by Setoyama 
 [14]. The open mark indicates the volume that is calculated using only effect of the 
metal acoustic vibration. The solid mark indicates the calculation result in which both 
the effects of metal acoustic and hydrogen optical vibrations are taken into account . 
   The absolute values of the calculation results are good accordance with the 
experimental data. The increasing rate with temperature of the calculated molar 
volume that is estimated using only effect of the metal vibration is slightly lower than that 
of experimental data. On the contrary, the increasing rate with temperature of the 
molar volume that is estimated using both the effects of the metal and hydrogen 
vibrations is consistent with the experimental data. Therefore, it is considered that the 
hydrogen optical vibration have a certain role in the thermal expansion behavior for the 
metal hydrides. 
   Fig.3.39(a)-(d) show the calculated liner thermal expansion coefficient (LTEC) of the 
hydrides of yttrium, titanium, zirconium, and hafnium, respectively. The experimental 
data of the hydrides obtained from the Chapter 2 in the present dissertation and 
literature by Setoyama [14] and Yamanaka [15] are also plotted in the figures. The 
LTEC lines of the hydrides were also estimated with use of the following  GrOneisen 
relation: 
        YG  a
L 38vCv (3-27) 
m 
   The calculation method of the isovolumetrical specific heat  Cv is described in 
Chapter 2-3-1. The present calculation result better agrees with the experimental 
temperature dependence of the  LTEC of the hydride than the value estimated by the 
 GrOneisen relation. Additionally, the calculated LTEC that is estimated using both 
effects of the metal acoustic vibration and hydrogen optical vibration is comparatively 
high and close to the experimental data. 
 -  140  -
                        Chapter 3 
Ab initio Study of Metal-Hydrogen Systems
   Fig. 3.39. Calculated liner thermal expansion coefficient (CLE) of metal hydrides, 
together with experimental data obtained from the present study and literatures [14, 
15]; (a) Yttrium hydride, (b) Titanium hydride, (c) Zirconium hydride, and (d) Hafnium 
hydride.
3-4. Summary 
   In this chapter, ab initio electronic structure calculations were performed by using 
CASTEP code and DV- Xa method. The themophysical properties of the metal 
hydrogen solid solutions and hydrides were discussed from the calculation results. The 
elastic moduli of the yttrium hydrogen solid solution could be evaluated from the ab
 -  141  -
                                                        Chapter 3 
                                  Ab  initio Study of Metal-Hydrogen Systems 
 initio study and the calculated results were good accordance with the experimental 
results obtained from Chapter 2. From the analysis of the bond order in unit-cell, it was 
considered that the change of mechanical properties due to hydrogen was correlated 
to the original covalency of the metals. The calculated bond order of the metal 
hydrides also qualitatively explained the trends of the hydrogen content dependence 
of the mechanical properties of the hydrides. The elastic moduli of the hydrides from 
the total energy calculations were well accordance with experimental data obtained 
from Chapter 2 and literatures. The temperature dependences of liner thermal 
expansion coefficients of the hydrides were evaluated and the results provided better 
understanding of the properties. It was considered that the hydrogen optical vibration 
had a certain role in the thermal expansion behavior of the metal hydrides. 
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Chapter 4. 
Characteristics of Zr Alloys with Precipitated Hydride and/or 
Solute Hydrogen 
4-1. Introduction 
  The integrity of zirconium based alloys for fuel cladding materials has become more 
important because of burnup extension of nuclear fuels in the Light Water Reactors 
(LWR). Hence, niobium containing zirconium alloys viz., NDA, MDA, ZIRLO, and M5 have 
been newly introduced to improve corrosion resistance and mechanical strength. 
Table 4.1 shows the composition f the new niobium containing zirconium alloys. On 
the contrary, it was reported that zirconium alloys absorb a part of evolved hydrogen 
during operation by the corrosion reaction between zirconium alloy and cooling water 
as follows: 
 Zr  +  2H20  ->  ZrO2  +  4H (4-1) 
If the total hydrogen concentration i  the alloy exceeds the solubility limit, brittle 
zirconium hydrides are formed as precipitates in the alloy, which is extremely brittle (see 
Fig. 4.1 [1]) and therefore markedly deteriorates the material strength. Fig. 4.2 shows 
corrosion behaviors of the niobium containing zirconium alloys together with the Zircaloy, 
and Fig. 4.3 shows amount of hydrogen absorption during operation for the several 
cladding materials [2]. Although t e niobium containing zirconium alloys have superior 
corrosion resistance to the Zircaloys, there is not significant difference inthe amount of 
hydrogen absorption between the alloys. Therefore, the influence of hydrogen 
absorption i  the fuel claddings on their integrity is considered tobe not negligible at 
higher burnup over 60 GWd/t hat will be reached near future in the LWR even if the 
superior corrosive-resistant Zr-Nb alloys are used. 
       Table 4.1. Composition f advanced Zr alloys for fuel cladding (wt%). 
Additive lements Nb Fe Sn Cr Ni 
  NDA 0.1 0.27 1.0 0.16 0.01 
  MDA 0.5 0.2 0.8 0.1 
 ZIRLO 1.0 0.1 1.0  — 
      M5  0.8  - 1.2  0.015  - 0.06 
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   Therefore, it is important to elucidate the terminal solid solubility of hydrogen (TSS) for 
the zirconium alloys. Experimental determination of the TSS is usually as follows: samples 
with known hydrogen contents are prepared and then their thermophysical properties 
were measured in order to evaluate transition temperature corresponding to end of 
hydride dissolution during heating process and beginning of hydride precipitation during 
cooling process. The TSS have been extensively studied with using several 
measurement such as dilatometry [3, 4], resistivity[5], internal friction [6-8], differential 
scanning calorimetry [9-12], small angle neutron scattering [13, 14], metallography [15], 
and thermal diffusion [16]. The transition temperatures are correlated with 
corresponding hydrogen contents in the form of a van't Hoff type relationship, from 
which we can obtain the pre-exponential constant and the enthalpy of the dissolution 
or precipitation process of hydride  [17-24]. It is considered that the  TSS depends on 
fabrication history, irradiation, and additive elements. Although several effects have 
been studied [25-32], there have been few reports on the effect of additive elements. 
Therefore, the effect of additive elements such as iron, tin, chromium, and nickel was 
examined separately and the influence of the additives on TSS was formulated in our 
previous study [33].
- 149 -
                                                 Chapter 4 
Characteristics of Zr Alloys with Precipitated Hydride and/or Solute Hydrogen
Fig. 4.2. Relation between average burnup and thickness of oxide layer generated by 
      corrosion reaction during operation for several cladding materials [2].
Fig. 4.3. Relation between thickness of oxide layer and amount of hydrogen absorption 
                   for several cladding materials [2].
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   Fig. 4.4 shows the phase diagram of Zr-Nb binary system. In the niobium modified 
fuel cladding, the concentration of added niobium ranges from 1 to 5 wt% contrary to 
the small amount of concentration of the other traditional additive element. Therefore, 
most of the added niobium dissolves into the matrix a phase (hcp), but a small amount 
of Nb-rich  R Zr phase (bcc) precipitates in the alloys. Several studies on the TSS of Zr-Nb 
alloys have been carried out [4, 6, 11, 12, 16, 27, and 32]. However, the effect of 
niobium dissolution into the matrix a phase on TSS has scarcely been investigated, 
although the volume fraction of a phase is dominant in the alloys. Moreover, the 
effect of niobium addition on the TSS for the commercial fuel cladding such as the 
Zircaloys is still unknown. 
         1000
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                     a-Zr+13-Zr    E 700 1
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 0.62085 
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             al 
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         400 
 300,  Ill  t  t  t  t  t t  
         0 0.5 1 2 3 10 20 30 90  100 
                         Nb Content (wt%) 
                Fig. 4.4. Phase diagram of Zr-Nbbinarysystem. 
   The zirconium alloys may become susceptible to the crack process known as 
delayed hydride cracking (DHC) depending on the several physical properties of them 
as well as operation conditions. The properties of the zirconium hydrogen solid solutions 
had been unnoticed until report [34] which indicated that solute hydrogen in metallic 
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lattice effected and accelerated creep rate of the zirconium alloys.  Setoyama et  al. 
[35-37] studied the mechanical properties of the zirconium and titanium hydrogen solid 
solutions. They revealed that solute hydrogen led reductions in the mechanical 
properties uch as the Young's modulus and microhardness of zirconium and titanium. 
They also indicated probability that the solute hydrogen accelerates the creep rate by 
the change in the Young's modulus, not by the change in the creep mechanism. 
Chapter 2 and 3 in the present thesis systematically elucidated the properties of 
transition metal-hydrogen solid solutions. However, since these investigations are for 
pure metal-hydrogen systems, it is considered to be necessary to furthermore valuate 
the effect of hydrogen on the Zr-Nb alloys those would be practically used for the fuel 
cladding. In the case of the niobium modified zirconium alloys, the phase is complex 
as mentioned above. It is reported that the microstructure of Zr-2.5Nb alloy for pressure 
tube in heavy water reactors consisted strongly elongated and textured a phase grains 
surrounded by very thin but nearly continuous grain-boundary network of metastable 13 
phase. The  (3 phase contains about 20 wt% niobium and its volume fraction is about 
10% [32, 38-46]. Therefore, in-depth investigations on each particular phase of the 
Zr-Nb alloys are important o clarify the effect of hydrogen addition on the properties of 
Zr-Nb alloys. In addition, it is essential for developing this study to confirm whether 
consistent evaluations with Chapter 2 and 3 can be obtained or not. 
   From such points of view, the TSS of Zr-Nb binary alloyswith different niobium 
contents, which were a single phase or (a  +(3  ) biphasic specimens, and Nb added 
Zircaloy-4 were measured and the effects of niobium addition on the TSS were discussed 
in section 4-4-1. The mechanical properties of the Zr-Nb alloys with different hydrogen 
content were evaluated in section 4-4-2. 
4-2. Experimental Procedure 
4-2-1. Sample Preparation 
   The specimens of  Zr-1.0(wt%)Nb, Zr-2.5Nb, and  1.0wt% Nb added Zircaloy-4 fuel 
cladding alloys were produced by Sumitomo Metal Industry Ltd.. The preparation 
process of these alloys is the same as that for the commercially supplied recrystallized 
Zircaloy-4. The details of fabrication process of these specimens were shown in Table 
4.2. The composition of these alloys was tabulated in Table 4.3. In addition to those 
specimens, pure zirconium and Zr-0.3Nb alloy were also examined in order to evaluate 
the variation of TSS in the matrix a phase due to niobium dissolution. This 
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concentration is near the niobium solubility limit at room temperature. 
      Table 4.2. Fabrication process of  Zr  -1.0Nb, Zr -2.5Nb, and Nb added Zry-4 
                                    Process 
  OO Arc melting 
 0  p annealing and  quenching  : 1050  t  x  0.5  h-0 Q (in vacuum) 
 © Hot rolling: 
                923 K  x 0.5 h (Ar atomsphere) T9-13  mm—T5 mm 
      0 Oxide layer elimination: Blast polishing by aluminashot 
 © Interlevel annealing: 893 K  x 2 h (in vaccum) 
 © Cold rolling: T5  mm—'T2.5 mm 
      OO Interlevel annealing: 893  K  x  2 h (invacuum) 
                         Cold rolling: T2.5  mm—>T1.0mm
      O Final annealing: 850  K  x  3 h (in vacuum) 
            Table 4.3. Composition of the evaluated Zralloys (wt%). 
Sample Name Nb Fe Sn Cr  H  C  N  O Zr 
 Zr-1.0Nb 1.00 0.038 0.002 0.002 0.0025 0.006 0.0047 0.100 balance 
    Zr-2.5Nb 2.56 0.038 0.001 0.004 0.0032 0.008 0.0031 0.181 balance 
 Nb added Zry-4 1.01 0.260 1.310 0.100 0.0030 0.008 0.0037 0.201 balance 
   Furthermore,  Zr-20Nb alloy was produced for the evaluation of the mechanical 
properties. The principal impurities of the pure zirconium specimen included  0.001wt% 
Sn, 0.0083wt% Fe,  0.005wt% Cr, 0.0035wt% Ni,  0.004wt% Si, and  0.005wt%  0. For 
preparing the Zr-0.3Nb and  Zr-20Nb alloys, pure niobium of 99.95wt% and pure zirconium 
were used as precursor. The source materials were melted in an arc furnace under 
argon atmosphere at 0.05 MPa. For homogeneity, the specimen was turned over and 
melted more than 5 times, and then annealed in vacuum at 1273 K for 12 h. The 
hydrogenation was executed using a modified UHV  Sieverts' apparatus under a highly 
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pure (7N) hydrogen gas atmosphere. Details of the  Sieverts' apparatus are described 
in Chapter 2. After the hydrogenation at 973 K, the specimens were retained at the 
temperature to homogenize hydrogen distribution for 3h and then were furnace cooled 
with an average cooling rate of 5  K/min. 
   X-ray diffraction measurements were performed at room temperature using  Cu-Ka 
radiation (RINT-2000/PC, Rigaku Corp.) to analyze the existing phases in the specimens. 
The absorbed hydrogen contents in the specimens were measured with a hydrogen 
analyser (HORIBA, EMGA-621). 
4-2-2. Measurement Method 
(a) Terminal Solid  Solubility of Hydrogen 
   Their hydrogen contentsrange from 26 ppm to 770 ppm, and the statistical errors 
were within 2%. After the hydrogenation, the samples were cut  into shapes 
approximately 5 mm square and 1 mm thick, and weighing about 40-60 mg for the TSS 
measurement. The hydride dissolution temperature of specimen was evaluated with a 
differential scanning calorimeter (ULVAC-RIKO, Triple-cell DSC) in the temperature range 
from 50 K to 873 K. It was reported that the dissolution/precipitation temperature was 
independent of heating rates in the range of 0.5-10  K/min [47]; the heating rate of 5 
 K/min was adopted in the present study. The apparatus has a "triple-cell" system and 
an adiabatic temperature control system, which was originally developed by Takahashi 
et al. [48]. The measurement was made in high-purity argon (6N) atmosphere with a 
flow rate of 100  ml/min. The accuracy of the apparatus was checked to be ±3% using 
an a -  A1203 standard. The transition temperature is obtained experimentally from 
heating or cooling. These temperatures are summarized as TSSD (TSS-dissolving) and 
TSSP  (TSS-precipitating), respectively. Khatamian et al. [9-12] mentioned that the TSSD 
temperature provided more reproducible results than the TSSP. Therefore the TSSD was 
adopted as TSS in the present study. 
(b) Mechanical Properties uch as Elastic Modulus and Hardness 
   The longitudinal and shear sound velocity measurement was carried out by an 
ultrasonic pulse-echo method using  Echometer1062 (Nihon Matech Corp.) at room 
temperature. With use of the results, the elastic moduli were evaluated. The Vickers 
hardness was also measured using MHT-1 (Matsuzawa Co.Ltd.) at room temperature. 
The applied load and load time for the indentation were 1.0 kgf and 10 sec, respectively. 
The measurements were repeated more than 10 times for all samples, and the average 
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hardness was estimated from the data obtained. The further details of these 
measurements are described in Chapter 2. 
   The high temperature elastic moduli were also obtained by using a multiple 
elastometer  (NTP, EG-HT), based on the cantilever characteristic vibration technique. 
The measurement was performed under argon flow and the measuring temperature 
range is from room temperature to 773 K. The characteristic vibration frequencies were 
about 10 Hz. Young's modulus E can be derived from the following equations by the 
characteristic vibration method: 
      co2ps  E =    
I  •  k(4-1) 
where  co is the angular frequency, p the density of specimen, S the cross-section of the 
specimen, I the moment of inertia of the specimen, and k the device parameter to 
lateral vibration. 
           I I E oscillation  coil 
                       G oscillation coil 
                  AI^ 
         17Sample                     ‘r
 141  
 0  I  =I 
 111111111P 
                      E sensor G sensor 
Fig. 4.5. Schematic drawing of high-temperature multiple elastometer that is based on a 
               cantilever characteristics vibration technique. 
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4-3. Results and Discussion 
4-3-1. Terminal Solid Solubility of hydrogen of Zr-Nb Alloys 
   Fig. 4.6 and Fig. 4.7 show X-ray diffraction patterns of hydrogenated  Zr-0.3Nb and Nb 
added Zircaloy-4, respectively. Based on the X-ray diffraction analysis at room 
temperature, it is observed that there are two a Zr and  8  ZrH2_x phases in the 
hydrogenated pure zirconium and  Zr-0.3Nb alloy. On the other hand, there exist a Zr, 
 [3 Zr, and  8  ZrH2_x phases in the hydrogenated  Zr-1.0Nb, Zr-2.5Nb, and Nb added 
Zircaloy-4. a Nb,  y  ZrH, and  E  ZrH2_x phases were not detected in all the specimens. 
Since the niobium is a stabilizer element for  13 Zr, the metastable  p Zr phase can exist in 
the specimens below the eutectic temperature of 893 K [49].
Fig. 4.6. X-ray diffraction pattern of hydrogenated  Zr-0.3Nb.
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Fig. 4.7. X-ray diffraction pattern of hydrogenated Nb added Zry-4.
   A typical DSC curve and heat capacity  Cp for pure zirconium with 186 wtppm 
hydrogen are exhibited in Fig. 4.8(a) and (b), respectively. From this figure, it is found 
that there is an inflection point in the DSC curve at 655 K, which may be related to the 
complete dissolution temperature of the hydride. It is also found that the  Cp increases 
with temperature up to 655 K due to the endothermic reaction of hydride dissolution 
and this termination temperature agrees with the temperature obtained from the DSC 
curve. The temperature is considered to signal the end of hydride dissolution. Une 
 [31) reported that heat capacities  Cp of hydrogenated zirconium alloys increase with 
temperature to a certain temperature, which was attributed to the hydride dissolution 
effect, and the end temperature agreed with the complete dissolution temperature of 
hydride obtained from the TSSD data. Therefore, the maximum  Cp point is chosen as 
the complete dissolution temperature of hydride in the present study because the peak 
is clearer than that of DSC curve.
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  Fig. 4.8. Typical DSC (a) and  Cp (b) curves of pure Zr with 186 wtppm hydrogen. 
   The measured TSS points for pure zirconium are plotted in Fig. 4.9 with the data by 
Khatamian [10] and Kearns [25]. The results in the present study are in good agreement 
with the previous reports. Therefore the measuring method in the present study is 
consistent with previous studies. The TSS shows the linear relation of In CH vs  1/T and 
can be fitted using the van't Hoff's equation: 
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   CH=AexQ   (--RT(4-2) 
where  CH  , A,  Q  ,  R  , and T are the hydrogen content, a constant related to the 
dissolution entropy, the dissolution enthalpy, the ideal gas constant, and the absolute 
temperature, respectively. The A and Q values for pure zirconium are listed with those 
for the other alloys in Table 4.4. 
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Fig. 4.9. Terminal solid solubility of hydrogen for pure Zr, together with literature data [10, 
                               25]. 
      Table 4.4. The van't Hoff' fit parameters of the terminal solid solubility. 
                Sample Name A  (wtppm) Q (kJ/mol)  
                     pure Zr 1.42 x  105 37.1 
                     Zr-0.3Nb 2.89 x  105 40.4
 Zr-1.0Nb  4.30  x  105 41.5 
                     Zr-2.5Nb 3.98 x  105 40.6
               Nb modified Zircaloy-4 4.27 x  105 40.1
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The TSS results of Zr-Nb binary alloys,  Zr-0.3Nb,  Zr-1.0Nb, and Zr-2.5Nb are shown in Fig 4.10. 
The TSS of the a single-phase Zr-0.3Nb specimen appears to be almost same as that of 
pure zirconium. Therefore, it is considered that the niobium dissolution into a Zr does 
not affect the TSS so much. In general, the dissolved constituents lead to an entropy 
increase by mixing, and then the free energy decreases. Therefore the TSS increases by 
solute elements [33]. In the present case, the concentration of niobium is too small to 
bring obvious conspicuous increase in the TSS of a Zr.
Fig. 4.10. Terminal solid solubility of hydrogen for Zr-Nb binary alloys, together with 
                      literature data [6, 12].
   The literature results for  Zr-1.0Nb and Zr-2.5Nb alloys are also included in Fig. 4.10. 
The present TSS of the  Zr-1.0Nb and Zr-2.5Nb alloys are in good agreement with the data 
by Khatamian [12] in the temperature range from 580 K to 670 K, but higher than the 
data, in which the measuring method was different from the present study, by Pan [6]. 
This difference may be caused by the effect of  [3 Zr decomposition, which has been 
revealed to decrease the TSS of Zr-Nb alloy [11]. It is also found from Fig. 4.10 that the 
TSS of the  Zr-1.0Nb and Zr-2.5Nb alloys, which are  a  +13. biphasic specimens, is higher 
than that of pure zirconium. In addition, the TSS of Zr-2.5Nb alloy is slightly higher than
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that of  Zr-1.0Nb alloy. 
   Since the TSS of the matrix a phase is unchanged by the niobium addition, the 
precipitation of 13 Zr must have a major part in increasing the TSS in Zr-Nb binary alloys. 
The TSS means the maximum hydrogen content of the hydrogen solid solution phase in 
equilibrium with the coexisting hydride phase; the concentration is determined at the 
point that provides a common tangent for the free energies of the solution phase and 
the hydride [24]. In the case of multiple systems in which three or more phases exist, the 
interactions between constituent elements in different phases must be taken into 
account in order to discuss the equilibrium. For example, the free energy of  [3 Zr phase 
in the Zr-Nb-H ternary system probably decreases below the common tangent line of 
free energies between a Zr and hydride in the Zr-H binary system due to the niobium 
and hydrogen dissolution, which may result in the increase of TSS (see Fig.  4.11). Further 
experimental and theoretical investigations are required to address this question.
Fig.  4.11 . Schematic drawing of free energy of  Zr(Nb)-H system.
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   In Fig. 4.12, the present TSS results of Zr-Nb binary alloys are compared with the TSS 
results for Zr-M  (M=Fe, Sn, Cr, and Ni) binary alloys obtained in our previous study [33]. 
The amounts of the previous additive elements are chosen based on the specifications 
of the Zircaloys that are actually practically used in the present commercial light-water 
reactors. It is found from this figure that the increase of TSS by the addition of niobium is 
slightly larger than that by the addition of tin, chromium, and nickel. Therefore, it is 
considered that niobium addition to the zirconium alloys can play an important role in 
terms of the TSS for increasing the life-time of cladding.
Fig. 4.12. Terminal solid solubility of hydrogen for  Zr-1.0Nb and Zr-2.5Nb alloys, together 
        with our previous data of Zr-M (M=Fe, Sn, Cr, and Ni) alloys [33].
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Fig. 4.13. The terminal solid solubility of  1.0wt% Nb added Zircaloy-4, together with 
                    literature data [25, 26, 33].
The TSS points of  1.0wt% Nb added Zircaloy-4 are plotted in Fig. 4.13, together with the 
literature data for Zircaloy-2 and Zircaloy-4 by Kearns [25], Slattery [26], and Setoyama et 
al. [33]. It is found from this figure that the Nb added Zircaloy-4 has higher TSS than 
Zircaloy-2 and Zircaloy-4. The reason why the TSS of Zircaloy is larger than that of pure 
zirconium have been revealed in our previous study [33] to be the effect of the tin 
dissolution into a Zr phase and the precipitation of intermetallic compounds of Zr-Cr 
and Zr-Ni alloys. The  [3 Zr phase does not exist in the normal Zircaloy, whereas this 
phase exists in the present Nb-modified Zircaloy specimens. Therefore, it is considered 
that the increase of  TSS for Zircaloy is attributed to the further effect of  p Zr precipitation 
by niobium addition besides the traditional additive element effects. Evidently, 1.0 wt% 
Nb added Zircaloy indicates the higher TSS than the  Zr-1.0Nb binary alloy, as shown in Fig. 
4.14. Therefore, it is considered that both niobium element and the other traditional 
additive elements affect the TSS of hydrogen in the Nb added Zircaloy.
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Fig. 4.14. Comparison between TSS of  Zr-1.0Nb and  1.0wt% Nb added Zircaloy-4.
4-3-2. Mechanical Properties of Hydrogenated Zr-Nb Alloys 
   The hydrogen content of the prepared sample was in the range from 0.00 to 0.013 in 
the atomic ratio. Fig. 4.15 shows the X-ray diffraction patterns of the  Zr-20Nb alloy. All 
the prepared samples were confirmed to have an bcc _A2  (3 Zr(Nb) single phase. Fig. 
4.16 shows the lattice parameter a at room temperature as the function of hydrogen 
content  CH  . The lattice parameter increased by hydrogen addition as expressed as 
follows: 
  a  [nm]  = 0.3540 + 2.333  x10-2 x CH  [H/M] (4-3) 
The present lattice parameters of  p  Zr-20Nb alloys without hydrogen agreed with the 
values estimated from the Vegard's law using the metallic radii of the zirconium and 
niobium at room temperature. It has been reported that hydrogen-induced volume 
expansions in the metals are in the range  2.6  -  3.2  x10-3[nm3/(H/M)] . The present 
hydrogen-induced volume expansion value is  (4.0  ±0.4)x10-3[nm3/(H/M)] and is 
therefore slightly higher than the literature. It is also found that the geometrical density 
of the sample, which is determined from the weight and dimensional measurements, is 
approximately equal to the theoretical density, which is determined from the lattice 
parameter.
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              Fig. 4.15. X-ray diffraction patternof  Zr-20Nb alloy. 
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Fig. 4.16. Change in lattice parameter of hydrogen solid solution of  13 phase  Zr-20Nb 
                    alloy with hydrogen content. 
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   Fig. 4.17 shows the change in Young's  modulus of hydrogen solid solution of  13 
phase  Zr-20Nb alloy with hydrogen content  CH  . It is found from this figure that the 
Young's modulus of  (3 phase  Zr-20Nb alloy is almost independent of hydrogen content 
and empirically expressed as follows: 
  E[GPa]  =102.4  -12.0 x  CH [H/M] (4-4) 
 112  , . , 
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Fig. 4.17. Hydrogen content dependence of Young's modulus of hydrogen solid solution 
                      of 13 phase  Zr-20Nb alloy. 
   Fig. 4.18 shows the Vickers hardness  Hv of hydrogen solid solution of  [3 phase 
 Zr-20Nb alloy with hydrogen content  CH. As well as the elastic modulus, the hardness 
of  [3 phase  Zr-20Nb alloy is almost independent of hydrogen content and empirically 
expressed as follows: 
 Hv[GPa]  =1.92  -  0.67x  CH  [H/M] (4-5) 
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Fig. 4.18. Hydrogen content dependence of Vickers hardness of hydrogen solid solution 
                       of  [3 phase  Zr-20Nb alloy. 
   These results are compared to those of the Zr-H  [35] and Nb-H systems for discussion. 
Fig. 4.19 shows the Young's modulus change due to hydrogen addition  E-E°  , together 
with those data of pure zirconium and niobium. The  E° indicates the Young's modulus 
without hydrogen. It is found from this figure that the changing rate of Young's modulus 
with hydrogen for the  13  Zr-20Nb hydrogen solid solution is between those of its pure 
metals. Fig. 4.20 shows the Vickers hardness change due to hydrogen addition 
Hv  -Hv°, together with those data of pure zirconium and niobium. The  Hv° indicates 
the hardness without hydrogen. It is also found from this figure that the changing rate 
of Vickers hardness with hydrogen for the  13  Zr-20Nb hydrogen solid solution is between 
those of its pure metals. In Chapter 3, the trend of mechanical properties of transition 
metal-hydrogen solid solution can be explained by the electronic structure calculations. 
In the case of zirconium hydrogen solid solution, the 4d electrons are drawn off from the 
metallic bond on to the Zr-H bond, leaving less charge to participate in the Zr-Zr bonds, 
which consequently weakens the surrounding metallic bonds. On the other hand, it is 
considered that the solute hydrogen plays a role for the Nb-H-Nb bonding and 
consequently increases the elastic moduli and the hardness of the niobium. As a result 
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of analyzing the data, it is found that the hydrogen effects on the mechanical 
properties are not determined by crystal structure but the original bond order, which is 
the population of electrons participating in the covalent bonding [50], per unit cell of 
the elements. Therefore the present result can be compatible each other, although 
the  (3  Zr-20Nb alloy has different crystal structure than the pure zirconium. On the valid 
assumption that the Zr-Nb solid solution alloy has the bond order per unit cell  between its 
pure metals, the present result is considered reasonable.
Fig. 4.19. Comparison of change in Young's modulus with hydrogen content between 
    hydrogen solid solution of  [3 phase  Zr-20Nb alloy and its pure metals [35].
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Fig. 4.20. Comparison of change in Vickers hardness with hydrogen content between 
      hydrogen solid solution of  13 phase  Zr-20Nb alloy and its pure metals.
   Fig. 4.21 shows the temperature dependence of Young's modulus of hydrogenated 
 Zr-1.0Nb alloy. The solid marks are in the hydrogen content region that all the hydrogen 
dissolves in the  ( a  +(3  ) metallic phase and the open ones are in the region that a part of 
hydrogen precipitates as 6 hydride. In the two separate temperature regions, the 
Young's modulus and shear modulus linearly decrease with increasing temperature. 
The difference in the elastic modulus between the samples with different hydrogen 
contents is not so large in the lower temperature region, on the contrary, that appears 
to be clear in the higher temperature region. It is found from this figure that Young's 
modulus for the solid solution decrease with increasing hydrogen content and that those 
for the partially precipitated hydride slightly depend on the hydrogen content . This 
trend is also found in Zr-2.5Nb, as shown in Fig. 4.22. 
   Fig. 4.23 and Fig. 4.24 show the change in Young's modulus with hydrogen content 
of  Zr-1.0Nb and Zr-2.5Nb alloys, respectively.
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   Fig. 4.24. Change in Young's modulus of Zr-2.5Nballoy with hydrogen content. 
   For the solid solution it would also appear that the decreasing rates of Young's 
modulus against the hydrogen content are independent of the temperature. 
Therefore the influence of hydrogen content of the elastic moduli for the solid solution at 
several temperatures is compared by defining parameters  E/E°  , where E° is Young's 
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Material E° [GPa]  x  104  [1/K] k2  x  104  [1/PPIT1]
Pure  Zr( a  +  8  ) 110 -5 .2 0.1
 Zr1.0Nb(  a  +(21+  6) 94 -8 .2 0.7
 Zr2.5Nb(  +  [3  +  8) 120 -7 .3 -0.8
Material E° [GPa]  ki  x  104 [1/K]  k2  x  104  [1/ppm]
Pure  Zr(  a) 97 -7 .3 -2.7
 Zr1.0Nb(  a  +  [3) 120 -7 .6 -1.4
 Zr2.5Nb(a  4) 110 -7 .1 -2.9
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modulus of the alloys without hydrogen. The  E  /  E° decreased linearly with the 
hydrogen content, independent of temperature. The variation in Young's modulus for 
the solid solution with the hydrogen content is written by the following equations from 
the least-squares method, 
 E=E°(1+kixT+k2xCH) (4-6) 
where  k  ,  T  , and CH are the fitting constants, absolute temperature, hydrogen 
content, respectively. The variations in Young's modulus for the hydrogenated Zr-Nb 
alloys are written by the following equations: 
 E(Zr  -1.0Nb_with_Hydride) =  94(1-  8.2  x104 x T + 0.7  x104 x  CH)[GPa] (4-7) 
   E(Zr -  2.5Nb_with_Hydride)  =  120(1-  7.3  x104 x T  -  0.8  x104 x CH  )[GPa] (4-8) 
 E(Zr  -1.0Nb_with_Solute - H)  =  120(1-  7.6  x104 x T -1.4  x104 x  CH  )[GPa] (4-9) 
   E(Zr -  2.5Nb_with_Solute - H)  =  110(1-  7.1x  104 x T  -  2.9  x104 x  CH  )[GPa] (4-10) 
The fitting parameters of high-temperature Young's moduli for Zr-Nb system are 
tabulated in Table 4.5, together with the data of zirconium hydrogen solid solutions [35]. 
  Table 4.5. Fitting parameters of high-temperature Young's moduli for Zr-Nb system, 
         together with the data of pure Zr hydrogen solid solutions [35]. 
            (a) Hydrogen content region with hydride precipitant. 
    aterial ]  k1    ]     ppm] 
  6) 0 -  .1 
 . b(a+(3     .7 
 . b(a ±( +  6  0 -  - .8 
 (b) Hydrogen content region in which all the hydrogen dissolve in the metallic phase. 
    aterial ]  l  ]    ] 
    -  - .7 
 . b(  (  0 -  - .4 
 . b( a +  (3) 0 -  - .9 
   In the case of the hydrogen content region that the zirconium hydrideprecipitates, 
the changing rates with hydrogen is almost zero. There is not significant difference in 
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the Young's modulus between a Zr and 13 phase  Zr-20Nb. In addition, the partially 
precipitated hydride consists of the hydrogen solid solution phases and the hydride 
phase. Therefore, the Young's modulus of precipitated hydride likely influences the 
Young's modulus of the alloys. It is considered that the Young's modulus of the alloys 
which consists the hydride should slightly increase with increasing amount of hydride 
because the zirconium hydride has higher elastic moduli than the metal. The changing 
rates of the hydrogen solid solution are significantly higher than those in the region in 
which the hydride precipitates. The elastic moduli of pure zirconium are reduced by 
the solute hydrogen  [35]. In addition, the solute hydrogen is found to scarcely affect 
the mechanical properties of  13  Zr-20Nb alloys as discussed above . Therefore, this 
reduction is due to the change of the moduli for the matrix phase. 
4-4. Summary 
   The terminal solid solubility of hydrogen (TSS) for Zr-Nb binary alloys with different 
niobium concentrations, and Nb added Zircaloy-4 was measured, and the effect of 
niobium addition was determined in order to supply fundamental data for the integrity 
of new-type fuel cladding. It was found that the TSS of a Zr was not affected by the 
solute niobium and that the  (3 Zr precipitant led to increase the TSS in the Zr-Nb alloys. 
The change in TSS by niobium addition was slightly larger than that by the traditional 
additive elements. The TSS of Nb added Zircaloy-4 was found to be higher than that of 
Zircaloy-2 and -4 due to the further effect of  13 Zr precipitation on top of the traditional 
additive element effects. Therefore, it was concluded that niobium addition to the 
zirconium alloys could play an important role in terms of the TSS for increasing the 
life-time of cladding. 
  The mechanical properties of hydrogenated Zr-Nb binary alloys with different 
phases are evaluated in order to discuss the effect of hydrogen absorption. The solute 
hydrogen didn't affect the mechanical properties of the single phase  (3  Zr-20Nb alloy. 
In the  Zr-1.0Nb and Zr-2.5Nb alloys, the solute hydrogen reduced the Young's modulus of 
the alloys, which was considered to be due to the change in the modulus of a Zr matrix 
phase. These results could be nicely accounted from the knowledge discussed in the 
Chapter 2 and 3. 
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Chapter 5. 
Finite Element Analysis of Hydrogen Behavior in LWR Cladding 
under Gradients of Hydrogen, Temperature, and Stress 
5-1. Introduction 
   As a result of power ramp tests of high burnup Boiling Water Reactor (BWR) fuels, 
Simada et al [1, 2] reported that breakage failures of the claddings appeared in a 
different form from those of the past and the power level for failure consequently 
decreased. Their observations revealed that cracking was initiated from outside of the 
cladding tubes and penetrated inwards, as shown in Fig. 5.1(a). On the contrary, 
several outside cracks were generated but stopped during the power ramp test of high 
burnup fuel cladding of Pressurized Water Reactor (PWR), as shown in Fig.  5.1  (b). In 
order to continue the burnup extension, it is necessary to clarify the outside-in failure 
condition of the claddings and validate current methods of safety evaluation. 
   It is considered that the failure process started with an axial split by cracking of 
radial hydrides which were formed during the power ramp test, followed by 
propagation caused by step-by-step cracking of hydrides at a crack tip  [1]. Fig. 5.2 
shows the estimated process of the failure in high burnup fuel cladding. This process is 
generally called as delayed hydride cracking (DHC)  [3-6], which is based on diffusion of 
hydrogen to the crack tip with higher tensile stress, followed by hydride nucleation, its 
growth, and fracture of the hydride. Iterations of these processes are considered to 
promote the crack propagation through the cladding materials. The crack velocity 
depends on time required for hydrogen to accumulate enough for growing to hydride 
precipitate that has critical size for breaking. Therefore, hydrogen diffusion to the crack 
tip from surrounding area is one of the most important factors for these processes. 
However, the hydrogen behavior in the fuel cladding during operation is affected by 
the conditions varying from hour to hour, thus being quite complex. For example, 
Pellet-Cladding Mechanical Interaction (PCMI) is one of the concerns related the high 
burn-up  [7-11]. During power transients, the possibility of PCMI increases due to the 
narrowing gap between the pellet and cladding. In addition, in-situ measurements of 
crack propagation in the claddings are difficult. Therefore, it is hard to evaluate the 
mechanism of the DHC process only from the experimental work. Parametrical study 
by computer simulations should make a significant contribution to mechanism 
assessment of the failure process. 
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Fig.  5.1(a). Transverse view of out-side in cracking fracture of high burnup BWR cladding
Fig.  5.1(b). Transverse view of high burnup PWR cladding after power ramp test [2].
   Experimental investigations on the hydrogen diffusion behavior of zirconium alloys 
have been performed. Diffusion coefficient of hydrogen in the zirconium alloys are 
reported by number of researchers [12-17]. The redistribution of hydrogen in Zry-2 
under temperature gradient was also evaluated by Sawatzky [18] and Markowitz [19]. 
As far as the author knows, there is only one research that quantitatively measured the 
hydrogen migration due to stress gradient in the zirconium alloys [20]. Recently, 
investigations on numerical analysis of hydrogen diffusion under stress and temperature 
gradient for the zirconium alloys were reported by several researchers [21-24]. 
   In this chapter, transient hydrogen diffusion analysis which considered three effects 
of distributions of hydrogen concentration, temperature, and stress were performed
- 179 -
                                                          Chapter 5 
                   Finite Element Analysis of Hydrogen Behavior in LWR Cladding
                           Under Gradients of Hydrogen, Temperature, and Stress
using finite element method (FEM) under the conditions of power ramp tests. 
Temperature and stress distributions of modeled claddings with cracks were calculated. 
Then, the calculated results of the distributions were used as condition for the hydrogen 
diffusion analysis to crack tip. The effects of several parameters, such as internal 
pressure, crack number, and its depth, were evaluated.
Fig. 5.2. Estimated process of the failure in high burnup fuel cladding.
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5-2. Calculation 
5-2-1. Finite Element Models 
   ABAQUS ver. 6.5is used for the present finite element calculations. Fig. 5.3 shows 
the two-dimensional models and boundary conditions which were used in present 
calculations. Second-order isoparametric elements were used, in which corner and 
middle nodes are numbered, as shown in Fig. 5.4. The fuel claddings with/without 
outside cracks were simulated. Fig. 5.5 shows the simulated crack which have 
semicircular tip 1 pm in diameter. The stress gradient near crack tip would be quite 
sharp. Therefore, the mesh was finely divided as  it approached the tip. Table 5.1 
shows the thermophysical properties of  postirradiated Zry-2 used in the present study [25]. 
Fig. 5.6 shows the hydrogen solubility used in the present calculation, which is obtained 
by the extrapolation of the high-temperature literature values by Yamanaka [26].
Fig. 5.3. Computational system and boundary conditions of present calculation.
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 Fig. 5.4. Second-order isoparametric element in  two-dimensional system.
Fig. 5.5. Simulated outside crack and divided meshes in its surroundings.
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Temperature
[K]
Young's modulus
[MPa]
Poisson's
Ratio  El
Thermal
conductivity
[W/m/K]
Density
 [kg/  m3  ]
Linear thermal
expansion
coefficient [-]
298
773
97100
68150
0.3676
0.3311
11.28
17.46
6510 5.96 x  10-6
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           Table 5.1. Thermophysical properties of postirradiated  Zry-2 
                       r al r r a 
i ture g's lus i son's sity 
                       uctivity nsion [K] [MP
] i  [-]  [kg/  m3  ]
                          / /K] fficient  
8 1 0 .3676 8 
                                            10 6   -6 773 68150 0
3 1 .46 
                    TemperatureSpecific heat 
                                   capacity
                  [K]  [J/k
g/K] 
               273 288.7
               529 324.5
               745 343.5
  Temperature Stress Plastic Temperature Stress Plastic 
     [K] [MPa] strain [-] [K] [MPa] strain  [-] 
   298 370.3 0.00 616 150 0.00 
   298 405 0.02 616 210 0.02 
   298 436.3 0.05 616 230.3 0.05 
   298 473.3 0.116 616 251.5 0.097 
   In order to validate the modeling of crack, stress intensity factors for cracks of the 
same shape on flat plate were calculated and were compared with analytical solutions 
[27]. Fig. 5.7 (a) and (b) show the Mises stress distribution ear the crack and the 
calculated stress intensity factors together with the analytical solutions, respectively. 
The calculated values are good accordance with the analytical solutions. Therefore, 
the modeling of cracks  viz. the shape of crack and mesh division was considered to be 
appreciate. 
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Specific heat
apacity
 [J/k / ]
73 88.7
29 24.5
45 43.5
emperature tress lastic emperature Stress Plastic
] in [ ] in 
98 70.3 .00 16 150 0.00
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Fig. 5.6. Temperature dependence of hydrogen solubility of Zry-2 [26].
Fig. 5.7. (a) Flat plate with crack and distribution of the Mises stress near the crack tip for 
validation of the present crack modeling, (b) Calculated stress intensity factor together 
                      with the analytical solutions.
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5-2-2. Theory of Hydrogen Diffusion Analysis 
   The diffusion is assumed to be driven by the gradient of a chemical potential of 
hydrogen. The chemical potential is defined as a partial differentiation of free energy. 
Gibbs free energy is defined as follows: 
 G  E  -TS  + (5-1) 
where  E,  T,  S.  P. and V are internal energy, absolute temperature, entropy, 
pressure, and volume, respectively. The E and S of metal-hydrogen system are 
evaluated by classical theory as follows: 
  E =  EMETAL CHEH CH  •  AEM-Hbond (5-2) 
                                                                                                                                             ! 
 S = SZALCHSivilb + CHN' (5-3) 
 n!(N  -  n)! 
 EMETAL EH : Molar energy of pure metal and hydrogen 
 SMAL,Sr : Molar entropy of metal and hydrogen vibration 
        CH : Hydrogen content 
            AEM-Hbond  ASM-Hbond : Change in molar energy and entropy due to 
                             creation of M-H bonds 
       R : Gas constant 
           N : Number of interstitial sites for hydrogen in lattice 
          n : Number of occupied sites in N 
The present calculations were performed on the assumption that Sieverts' law holds . In 
other words,  AEm_Hbond and  ASm_Hbond are assumed to be independent of hydrogen 
content. In that case, we can get the chemical potential of hydrogen as follows: 
   iiH =        aC
H 
     =  (EH +  AEM-Hbond)41-AS-                     T  •('ib +M-Hbond ) + RT In CH + PVH 
 =  RTInKs  +  RTIn  CH + P\71-1 (5-4) 
        rCHp01l/ 21                     / 2= RTIn     +RTInCH  +PVH 
 =  po  +  RTIn(CH  /0+  PVH 
           V H : Partial molar volume of hydrogen 
            Ks : Sieverts' constant 
           p : Equilibrium hydrogen pressure at CH 
 PO : Standard hydrogen pressure 
           Po : Chemical potential of hydrogen at standardized condition 
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                  : Solubility of hydrogen 
The governing equations for hydrogen diffusion are an extension of  Fick's equation, to 
allow for nonuniform solubility of the hydrogen in material. Using the Fick's equation 
and the equation (5-4), hydrogen diffusion flux J is calculated as follows: 
   J =cHD  apH      RT N 
      RDRTacH + R In (CH / s)•—ar+-VH--apj    TCHNax 
     _D[acH + CH In(CH / s) aT+CH •\7 aP (5-5) 
    axTNRT N 
    = -DHac+k,.—aT+ k2 
                      ax 
where the D is hydrogen diffusion coefficient and k is proportional coefficient. In 
this equation, the first, second, and last terms contribute to the diffusion due to gradients 
of hydrogen content, temperature, and hydrostatic pressure, respectively. Based on 
the temperature dependence of hydrogen solubility and the partial molar volume of 
hydrogen, the proportionary coefficients k1 and k2 can be calculated. On the 
contrary, the hydrogen distribution due to temperature gradient is often measured for 
respective materials under steady state condition without stress. In that case, the Fick's 
equation can be expressed as follows: 
 ac ar H (5-6) 
            ax 
where  Q* is heat of hydrogen transport. In the present study, literature data of the 
 Q* =25.12 kJ/mol [18] is employed. Therefore, the equation (5-5) is rewritten as follows: 
  J = _D(acH +„..arVic)                                                     (5-7)      axt1/42ax 
Ideally speaking, the coefficient k2 should be also measured because it's not always 
true that the heat of hydrogen transport  Q* equals to the calculated coefficient  k1  .
Since terminal solid solubility of hydrogen in zirconium alloys at around 600 K is quite low, 
there is insufficient experimental information on the hydrogen partial molar volume of 
them. The hydrogen partial molar volume for hcp metals is commonly about 
 3.0  nm3/(H/M) [28], which is adopted for calculating the coefficient k2. 
5-2-3. Analysis Procedure 
   The distributions of temperature and stress are required as initial field conditions for 
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the hydrogen diffusion analysis including the three effects of hydrogen concentration, 
temperature, and stress. Firstly, thermal-displacement coupled FEM calculations for the 
irradiated  Zry-2 with crack simulating the power ramp tests were performed. Secondly, 
using the calculation results as the field condition, the transient analysis of hydrogen 
diffusion was performed. 
   Table 5.2 shows the boundary conditions used in the present calculations. Based 
on information of the power ramp test, inside and outside temperature of the cladding 
were fixed on 613 K and 573 K, respectively. Different parameters were employed in 
these calculations and influences of the parameters were elucidated . It is worth noting 
that the internal pressure of the BWR cladding is ranging from 1 to 4 MPa in the case of 
ordinal operation but much further stress is assumed to be locally applied from inner 
surface by the PCMI during the serious tests. By using different values of the internal 
pressure ranging from the 5 to 50 MPa, the present analysis simulated the case. In order 
to discuss the behavior of crack propagation due to the DHC, the calculations were 
performed for different crack lengths and numbers. 
          Table 5.2. Conditions of stressand hydrogen diffusion analysis. 
       Internal/External surface temperature (K) 613 / 573 
            Internal pressure (MPa) 0  - 50 
            Depth of crack  (  pm  )  0  - 200
5-3. Results and Discussion 
5-3-1. Stress and Strain Distribution of Fuel Cladding with Crack 
   Fig. 5.8 shows calculation results of hydrostatic pressure for a model without crack; 
(a) Contour map, (b) Radial directional distribution, (c) Dependence on internal 
pressure at inner and external surfaces. The hydrostatic pressure linearly decreases with 
increasing the distance from the inner surface even in the case that the internal pressure 
equals to zero due to the temperature gradient. The hydrostatic pressure has negative 
values except for the pressure inside of middle line of the cladding at 0 MPa of the 
internal pressure, and its absolute values increase by loading the internal pressure. 
There are  two inflection points in the dependence on internal pressure: one is near 25 
MPa of internal pressure and the other is near 35 MPa. The former is due to beginning of 
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plastic deformation and the latter is due to modulation in the true stress-true plastic strain 
curve. Tensile stress increases with increasing the distance from the inner surface. 
Therefore, hydrogen in the cladding diffuses towards outside due to not only the 
temperature gradient but also the stress gradient even when the cladding is smoothly 
shaped.
Distance from inner surface,  [iim]
Fig. 5.8. Calculation results of hydrostatic pressure for a model without crack (a) Contour 
    map, (b) Radial directional distribution, (c) Dependence on internal pressure.
   Fig. 5.9 shows contour maps of radial stress near crack tips with different lengths. 
The internal pressure of all the case equals to 5 MPa. The crack length increases the
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stress value and stress-focusing area near crack tip, although its distribution profile was 
not changed so much by the crack length.
Fig. 5.9. Contour maps of radial stress near crack tips with different lengths .
   Fig. 5.10 shows the contour maps of circumferential stress for the same case . It is 
found from this figure that there is quite higher tensile stress in circumferential direction 
around the crack tip than radial direction. Similar to the case of radial stress, the crack 
length increases the stress value and stress-focusing area near crack tip .
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Fig. 5.10. Contour maps of circumferential stress near crack tips with different lengths.
   The contour map of hydrostatic pressure that is mean value of their stresses is shown 
in Fig. 5.11. As has been mentioned in section 2.2, the hydrostatic pressure is 
responsible for the hydrogen diffusion to the crack tip. It is found from this figure that 
negative hydrostatic pressure spreads in a circular pattern around the crack tip. In 
addition, vicinity of crack surface that is slightly away from the tip has low positive 
hydrostatic pressure. This supposes that negative hydrostatic pressure field near crack 
tip, in which hydrogen piles up, shifts to the positive field when the crack would proceed. 
Therefore, hydrogen is considered to easily diffuse from the crack surface to the tip. It is 
also found that an absolute value of the hydrostatic pressure near the crack tip is quite 
higher than that in the smoothly shaped cladding.
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Fig. 5.11. Contour maps of hydrostatic pressure near crack tips with different lengths .
   Fig. 5.12 shows the radial directional distributions of hydrostatic pressure from tips of 
50 pm crack with different internal pressures. The downside is a magnified drawing 
near the crack tip. The hydrostatic pressure increases with increasing the internal 
pressure. In the case of 50 pm crack, this trend is especially-pronounced within about 
100 pm distance from the crack tip. A maximum point of the hydrostatic pressure is a 
few micro-meters distantly-positioned from the tip. This is because the cladding near 
the crack tip is plastically-deformed where highly focused stress is relaxed . 
   Fig. 5.13 shows the radial directional distributions of hydrostatic pressure from crack 
tips with different lengths, in which the internal pressure is fixed to 20 MPa. The 
downside is again a magnified drawing near the crack tip. The hydrostatic pressure 
and stress-focusing area around crack tip increases with increasing the crack length . 
Especially in the  200  pm crack, the hydrostatic pressure shifts from negative to positive
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towards inner side of cladding, hence hydrostatic pressure gradient is widely spreading 
across the cladding. These results are considered to profoundly affect hydrogen 
behaviors.
Fig. 5.12. Radial directional distributions of hydrostatic pressure from tips of 50 pm crack 
                     with different internal pressures.
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Fig. 5.13. Radial directional distributions of hydrostatic pressure from crack tips with 
          different lengths (Internal pressure equals to 20 MPa).
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   Fig. 5.14 shows radial directional distributions of hydrostatic pressure from tips of 
different numbers of 50 pm crack, in which the internal pressure equals to 20 MPa. 
There is not significant difference between the results with the different number of cracks. 
It is considered that distance between the cracks were too small to affect the 
stress-focusing area with respect to one another.
Fig. 5.14. Radial directional distributions of hydrostatic pressure from tips of different 
       numbers of 50 pm crack (Internal pressure equals to 20  MPa).
5-3-2. Hydrogen Diffusion Behavior under Gradients of Hydrogen, Temperature, and 
Stress 
(a) Hydrogen Distribution near Crack Tip at Steady State 
   Hydrogen diffusion behaviors were evaluated using the calculation results obtained 
in section 3.1 as field conditions. In order to discuss the effect of stress, hydrogen 
diffusion due to temperature gradient was analyzed and its result was used as initial 
hydrogen distribution. Since a zirconium liner on inner surface of the BWR cladding 
contains a larger amount of hydrogen than Zry-2, the zirconium liner can be a source of 
hydrogen. Therefore, the hydrogen diffusion analysis was performed on the boundary 
condition that hydrogen content of inner surface is fixed to 100 ppm. Fig. 5.15 (a) 
shows the contour map of hydrogen content near tip of 50 pm crack at initial state. 
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The hydrogen content of external side is higher than that of inner side because the 
hydrogen solubility of zirconium decreases with increasing temperature . In the present 
boundary condition, mean value of hydrogen content in the cladding approximately 
equals to 180 ppm.
Fig. 5.15. Change in contour map of hydrogen content near tip of 50 pm crack with 
internal pressure of 5 MPa (a) Initial state, (b) Equilibrium state after the internal pressure 
                               loading.
-  195  -
                                      Chapter 5 
Finite Element Analysis of Hydrogen Behavior in LWR Cladding 
      Under Gradients of Hydrogen, Temperature, and Stress
   Fig. 5.15 (b) shows the contour map of hydrogen content near tip of 50 pm crack 
with internal pressure of 5 MPa at equilibrium state after the internal pressure  loading.  It 
is found from this figure that the hydrogen distribution after the internal pressure loading 
is noticeably different from the initial state and a large amount of hydrogen piles up 
near the crack tip.
Fig. 5.16. Radial directional distributions of hydrogen content from tips of 50 pm crack 
                     with internal pressure of 5 MPa.
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This is also confirmed from Fig. 5.16 that shows radial directional distributions of hydrogen 
content. Similar to the case of the stress distributions, the hydrogen piles up within 
about 100 pm distance from the crack tip and a maximum point of the hydrogen 
content is a few micro-meters distantly-positioned from the tip. Comparing Fig. 5.15 (a) 
and (b), it is also found that hydrogen content at vicinity of crack surface, where is 
slightly away from the tip, reduces by the internal pressure loading. These trends were 
corresponds to the stress distribution.
Fig. 5.17. Changes in contour map of hydrogen content near tips of 50 pm crack with 
   different internal pressures at steady state after the internal pressure loading .
   Fig. 5.17 shows changes in contour map of hydrogen content near tips of 50 pm 
crack with different internal pressures at steady state after the internal pressure loading. 
All the results with internal pressure indicate that hydrogen diffuses into the vicinity of the 
crack tip and the amount of piled up hydrogen increases with increasing the internal 
pressure. In the high burnup fuels, the hydrogen content of the cladding exceeds a 
terminal solid solubility of hydrogen (TSS). In such case, a matrix area which has
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significantly-higher hydrogen content than around area can transform into brittle 
zirconium hydrides. Therefore, the difference from circumjacent hydrogen content is 
considered to be the most important information for determining whether the hydride 
precipitates or not. In the present study, a changing rate in the hydrogen content is 
evaluated on the basis of the hydrogen content distribution of the smoothly-shaped 
cladding model. 
   Fig. 5.18 shows the changing rate in radial directional distributions of hydrogen 
content from crack tips with different internal pressure, in which the crack lengths equal 
to 50  pm. Although the distribution profile and the maximum point of the hydrogen 
content are not so changed by the internal pressure, the amount of hydrogen that is 
piled up near the crack tip increases with increasing the internal pressure. This implies 
that the PCMI during the power ramp tests may encourage the DHC breakage failure. 
   Fig. 5.19 shows changes in contour map of hydrogen content near crack tips with 
different lengths, in which the internal pressure is fixed to 20 MPa . It is found from this 
figure that the distribution profile of hydrogen apparently changed by the crack length. 
Since the crack length is different, the change in the hydrogen content can not make 
easy comparison. However, the changing rate is considered to be substantially 
compared even in this case as stated above. Fig. 5.20  shows  the changing rate in 
radial directional distributions of hydrogen content from crack tips with different lengths. 
With increasing the crack length, the more amount of hydrogen piled up around the 
crack tip and the hydrogen-focusing area significantly spreads. Therefore, it is 
considered that the crack easily comes to penetration if the length reaches a certain 
level. 
   In the case of the power ramp tests for the high burnup PWR claddings, several 
cracks were generated from the outside but didn't penetrate the cladding . Therefore, 
the crack number may affect propagation of the DHC. Fig. 5.21 shows radial 
directional distributions of changing rate in hydrogen content from tips of different 
numbers of 50 pm crack, in which the internal pressure equals to 20 MPa. There is not 
significant difference between the results with the different number of cracks, which is 
correspond to the hydrostatic pressure. The irradiation influence minifies the difference 
in the thermophysical properties between the Zry-2 and the Zry-4  [25]. In addition, it 
was reported that average hydrogen contents of the high burnup claddings of the PWR 
was rather higher than those of the BWR  [2]. Therefore, the other factors, such as 
temperature condition, presence of the liner, and so on, are considered to be 
important. 
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Fig. 5.18. Changing rate in radial directional distributions of hydrogen content from 
   crack tips with different internal pressure (Crack lengths equal to 50  pm  ).
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Fig. 5.19. Changes in contour map of hydrogen content near crack tips with different 
lengths (Internal pressure equals to 20 MPa).
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Fig. 5.20. Changing rate in radial directional distributions of hydrogen content from 
crack tips with different lengths (Internal pressure equals to 20 MPa) .
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Fig. 5.21. Radial directional distributions of changing rate in hydrogen content from tips 
    of different numbers of 50 pm crack (Internal pressure equals to 20 MPa).
(b) Transient Behavior of Hydrogen Diffusion to Crack Tips 
   Fig. 5.22 shows time-dependent contour map of hydrogen content near tips of 50 
pm crack, in which the internal pressure equals to 20 MPa. The hydrogen distribution 
profiles at different times can be estimated and gradual changes of the distributions are 
confirmable. Fig. 5.23 shows time-dependent changing rates of hydrogen content at 
maxima points of 50 pm crack with different internal pressures. The downside is 
semilogarithmic graph. It is found from the figure that the hydrogen content near the 
crack tip increases with increasing the time up to about 20 sec. The hydrogen diffusion 
becomes almost steady since then. In the case of 50 pm crack, the time required to 
reach the steady state seems to be independent of the internal pressure although the 
changing rate increases by the internal pressure. Fig. 5.24 shows time-dependent 
changing rates of hydrogen content at maxima points with different crack lengths, in 
which the internal pressure is fixed to 20 MPa. In the case of 10 pm crack, the 
hydrogen diffusion almost reach steady state in 1 sec. In the case of 50 pm crack, the 
hydrogen content near the crack tip increases with increasing the time up to about 20
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sec. In the case of 200 pm crack, it takes a few ten thousands sec to reach the 
steady state. As just described, it takes more time to converge the hydrogen content 
change, the crack becomes longer. The hydrostatic pressure gradient covers a wider 
range of the cladding in the case of the longer crack (see section 5-3-1), hence it takes 
longer time. However, it should be noted that hydrogen increasing rate per unit time 
increases with growing the crack length, and the changing rate from the initial state 
reaches over 10 % for a given short time. The present study successfully provided 
tangible information on hydrogen behavior during the power ramp test and the effects 
of the several conditions were revealed. There is marked variability in the literature 
data of hydrogen diffusion coefficient. In addition, the diffusion coefficient and 
solubility of hydrogen would change due to the external stress. Therefore, the sensitivity 
analysis will be important in the next step for the investigation. 
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Fig. 5.22. Time-dependent contour map of hydrogen content near tip of 50 pm crack 
                  (Internal pressure equals to 20 MPa).
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Fig. 5.23. Time-dependent changing rates of hydrogen content at maxima points of 50 
                 pm crack with different internal pressures.
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Fig. 5.24. Time-dependent changing rates of hydrogen content at maxima points with 
         different crack lengths (Internal pressure equals to 20 MPa).
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5-4. Summary 
   The thermal-displacement coupled analysis was performed for models of the BWR 
cladding using the finite element method. The negative hydrostatic pressure spread in 
a circular pattern around the crack tip. The absolute value of the hydrostatic pressure 
near the crack tip was quite higher than that in the smoothly shaped cladding , which 
would be responsible for the hydrogen pile up around the crack tip of the cladding . 
The hydrostatic pressure increased with increasing the internal pressure. The 
hydrostatic pressure and the stress-focusing area around crack tip increased with 
increasing the crack length. The crack number didn't affect the stress distribution near 
the crack tip. 
   With use of these results, the transient hydrogen diffusion analysis, including the three 
effects of hydrogen concentration, temperature, and stress, was performed. The 
effects of several parameters, such as internal pressure, crack number, and its depth, 
were evaluated. The hydrogen distribution after the internal pressure loading was 
noticeably different from the initial state and a large amount of hydrogen piles up near 
the crack tip. The hydrogen diffused into the vicinity of the crack tip and the amount of 
piled up hydrogen increased with increasing the internal pressure. With increasing the 
crack length, the more amount of hydrogen piled up around the crack tip and the 
hydrogen-focusing area significantly spread. The crack number didn't affect the 
hydrogen behavior near the crack tip. All the results were corresponding to the 
distribution of the hydrostatic pressure because the contribution of the stress gradient to 
hydrogen diffusion near the crack tip was larger than the other contributions. It was 
found that hydrogen increasing rate per unit time increased with growing the crack 
length and increasing the internal pressure. It was also found that the changing rate 
from the initial state reached over 10 % for a given short time from the several seconds to 
several thousands of seconds. For future work on crack propagation prediction due to 
the DHC, it was considered to be important that the time for hydrogen to pile-up near 
the crack tip could be objectified. 
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Concluding Remarks 
   In the present dissertation, the properties of metal hydrides and hydrogen behavior 
in the fuel cladding were studied in order to contribute to the advancement of the 
nuclear power plant systems. 
   In Chapter 2, the basic bulk properties of the metal-hydrogen systems, i.e. the 
mechanical properties of metal hydrogen solid solutions and the thermophysical 
properties of metal hydrides, were evaluated. 
  The mechanical properties of single phase hydrogen solid solutions of the yttrium 
and niobium were measured. The elastic moduli of the hydrogen solid solutions 
increased with increasing hydrogen content. The Vickers hardness of the hydrogen 
solid solutions also increased with increasing hydrogen content. Therefore, it was 
considered that the yttrium and niobium were elastically and plastically hardened by 
the effect of hydrogen dissolution. This trend differed from the titanium and zirconium 
hydrogen solid solutions, whose elastic moduli and hardness reduced by hydrogen 
addition. The interstitial hydrogen effect appeared to be independent of crystal 
structures. 
   The author succeeded in the production of bulk metal hydrides of yttrium, hafnium, 
niobium, and Zr-Gd alloy, without cracks and voids. The yttrium and niobium hydrides 
had higher elastic moduli and Vickers hardness than the respective pure metals, 
whereas the mechanical properties of the hafnium hydride were lower than those of the 
pure hafnium. Additionally, the mechanical properties of the yttrium and niobium 
hydrides increased with increasing hydrogen content, on the contrary those of the 
hafnium hydride decreased with increasing hydrogen content. The thermal 
conductivity of yttrium hydride was significantly higher than that of pure yttrium 
although the hydrides of hafnium and niobium had almost same or less thermal 
conductivities than the respective pure metals. The thermal conductivity of hydride of 
Zr-Gd alloy, which was polyphasic material, was higher than that of the zirconium 
hydride. Investigation on the gadolinium hydride was considered to be important. It 
was found from the preset study and the literatures that although yttrium, titanium, 
zirconium, and hafnium were adjacent in the periodic table and their hydrides exhibited 
the same crystal structures, they possessed polymorphic physical properties. It was 
considered that these results were mutually comparable and they revealed the 
characteristic nature of metal hydrides since their crystal structure was same. The 
several important correlations between the basic bulk properties of metal hydrides were 
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found from the present and previous studies. 
   In Chapter 3, ab initio electronic structure calculations were performed by using 
CASTEP code and DV- Xa method. The themophysical properties of the metal 
hydrogen solid solutions and hydrides were discussed from the calculation results. The 
elastic moduli of the yttrium hydrogen solid solution could be evaluated from the ab 
initio study and the calculated results were good accordance with the experimental 
results obtained from Chapter 2. From the analysis of the bond order in unit-cell, it was 
considered that the change of mechanical properties due to hydrogen was correlated 
to the original covalency of the metals. The calculated bond order of the metal 
hydrides also qualitatively explained the trends of the hydrogen content dependence 
of the mechanical properties of the hydrides. The elastic moduli from the total energy 
calculation were well accordance with experimental data obtained from Chapter 2 
and literatures. The temperature dependence of liner thermal expansion coefficient 
was evaluated and the results provided better understanding of the properties. It was 
considered that the hydrogen optical vibration had a certain role in the thermal 
expansion behavior of the metal hydrides. 
   In Chapter 4, the terminal solid solubility of hydrogen (TSS) for pure Zr, Zr-Nb binary 
alloys with different niobium concentrations, and Nb added Zircaloy-4 was measured, 
and the effect of niobium addition was determined in order to supply fundamental data 
for the integrity of new-type fuel cladding. It was found that the TSS of aZr was not 
affected by the solute niobium and that the  (3  Zr precipitant led to increase the TSS in 
the Zr-Nb alloys. The change in TSS by niobium addition was slightly larger than that by 
the traditional additive elements. The TSS of Nb added Zircaloy-4 was found to be 
higher than that of Zircaloy-2 and -4 due to the further effect of  p Zr precipitation on top 
of the traditional additive element effects. Therefore, it was concluded that niobium 
addition to the zirconium alloys could play an important role in terms of the TSS for 
increasing the life-time of cladding. The mechanical properties of hydrogenated Zr-Nb 
binary alloys with different phases were evaluated in order to discuss the effect of 
hydrogen absorption. The solute hydrogen didn't affect the mechanical properties of 
the single phase  f3  Zr-20Nb alloy. In the  Zr-1.0Nb and Zr-2.5Nb alloys, the solute 
hydrogen reduced the Young's modulus of the alloys, which was considered to be due 
to the change in the modulus of aZr matrix phase. These results could be nicely 
accounted from the knowledge discussed in the Chapter 2 and 3. 
   In Chapter 5, the thermal-displacement coupled analysis was performed for models 
of the BWR cladding using the finite element method. The negative hydrostatic 
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pressure spread in a circular pattern around the crack tip. The absolute value of the 
hydrostatic pressure near the crack tip was quite higher than that in the smoothly 
shaped cladding, which would be responsible for the hydrogen pile up around the 
crack tip of the cladding. The hydrostatic pressure increased with increasing the 
internal pressure. The hydrostatic pressure and the stress-focusing area around crack 
tip increased with increasing the crack length. The crack number didn't affect the 
stress distribution near the crack tip. With use of these results, the transient hydrogen 
diffusion analysis, including the three effects of hydrogen concentration, temperature, 
and stress, was performed. The effects of several parameters, such as internal pressure, 
crack number, and its depth, were evaluated. The hydrogen distribution after the 
 internal pressure loading was noticeably different from the initial state and a large 
amount of hydrogen piles up near the crack tip. The hydrogen diffused into the vicinity 
of the crack tip and the amount of piled up hydrogen increased with increasing the 
internal pressure. With increasing the crack length, the more amount of hydrogen piled 
up around the crack tip and the hydrogen-focusing area significantly spread. The 
crack number didn't affect the hydrogen behavior near the crack tip. All the results 
were corresponding to the distribution of the hydrostatic pressure because the 
contribution of the stress gradient to hydrogen diffusion near the crack tip was larger 
than the other contributions. It was found that hydrogen increasing rate per unit time 
increased with growing the crack length and increasing the internal pressure. It was 
also found that the changing rate from the initial state reached over 10 % for a given 
short time from the several seconds to several thousands of seconds. For future work on 
crack propagation prediction due to the DHC, it wais considered to be important that 
the time for hydrogen to pile-up near the crack tip could be objectified. 
   In conclusion, the fundamental and practical information on the metal-hydrogen 
systems was obtained with unprecedented detail, which is desperately-required in the 
nuclear field. Several trends proposed in the present study is considerable to be 
applied to the material science and engineering. 
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